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Abstract 

The high affinity of Ag + for DNA bases has enabled creation of short oligonucleotide-encapsulated Ag 
nanoclusters without formation of large nanoparticles. Time dependent formation of cluster sizes ranging 
from Agi to Ag4 /oligonucleotide were observed with strong, characteristic electronic transitions between 
400 and 600 nm. The slow nanocluster formation kinetics enables observation of specific aqueous 
nanocluster absorptions that evolve over a period of 12 hrs. Induced circular dichroism bands confirm that 
the nanoclusters are associated with the chiral ss-DNA template. Fluorescence, absorption, mass, and 
NMR spectra all indicate that multiple species are present, but that their creation is both nucleotide and 
time-dependent. 

Introduction 

As bulk metals are devoid of a bandgap, metal nanoclusters must be extremely small to exhibit discrete 
electronic transitions and strong fluorescence. The change in optical, magnetic, electronic, and catalytic 
properties with size have therefore motivated many studies of metal nanoparticles. 12-3 These small particles 
with 1-100 nm diameters are produced via the reduction of metal cations, and their rate of growth is 
controlled using ligands that coordinate with the metal atoms. 4 Surfactants, thiols, amines, carboxylic acids 
and even dendrimers are all quite useful to bind, stabilize, concentrate, and direct growth of metal 
nanoparticles. Recently, poly(amidoamine) dendrimers (PAMAM) have been shown to stabilize even 
smaller Ag and Au nanoclusters with well-defined sizes while the surrounding polymeric matrix protects 
the developing nanoclusters against agglomeration following reduction. 3 Biological macromolecules have 
also served as templates for nanoparticle synthesis. For example, the amine functional groups of peptides 
assemble silver and gold cations and then cap the growing nanoparticle surface following reduction of the 
cations. 5 Another biological system of significant interest has been DNA because its large aspect ratio 
(length:diameter) allows the possibility of forming wires for use in nanoelectronics. 6 DNA has a high 
affinity for metal cations, and these localized cations can be reduced to form metallic nanoparticles that 
follow the contour of the DNA template. 6,7-8 

One reason for controlling the size of metal nanoparticles is to understand and utilize the strong size 
dependence of their electronic/optical properties.' We are particularly interested in the strong, size- 
dependent optical properties of small (2-8 atom) Ag nanoclusters. Along the atom to bulk transition, 
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discrete atomic energy levels merge into highly polarizable, continuous, plasmon-supporting bands. When 
sufficiently small, silver nanoclusters exhibit very strong absorption and emission, making them nearly 
ideal fluorophores for single molecule spectroscopy. Photochemically generated nanoclusters have strong 
fluorescence, and they can be optically interrogated, suggesting potential utility in high-density optical data 
storage 9 and as biological labels. 10 In this work, we utilize specific DNA-Ag interactions to further 
concentrate and narrow the Ag nanocluster distributions in aqueous solutions. The fine control of 
nanocluster size possible in DNA, its sequence specificity, and its potential to pattern materials on surfaces 
suggest many further uses ranging from biology to nanoscience. 

Experimental 

Silver nitrate (Aldrich, 99.998%) and sodium borohydride (Fisher, 98%) were used as received. 
Oligonucleotides (Integrated DNA Technologies) were purified by desalting by the manufacturer. The 12- 
base oligonucleotide 5'-AGGTCGCCGCCC-3' was received as dehydrated pellets and dissolved in a 5 
mM phosphate buffer (pH = 7.5). This oligonucleotide sequence was used as it favors the single-stranded 
vs. hairpin or self-dimer forms. Concentrations were based on the nearest neighbor approximations for the 
molar absorptivities. Reactions were conducted in either 5 mM phosphate or 100 mM NaC10 4 IS mM 
phosphate buffer." The silver nanoclusters were synthesized by first cooling the solution of DNA and Ag + 
to 0 °C and then adding NaBH 4 followed by vigorous shaking. 

Visible absorption spectra were acquired using a Shimadzu UV-2101PC spectrometer. Circular 
dichroism spectra were obtained from a Jasco J-710 spectropolarimeter. Fluorescence spectra were 
acquired on a Shimadzu RF-530 1 PC spectrofluorimeter. Mass spectra were acquired using a Micromass 
Quattro LC operated in negative ion mode with 2.5 kV needle and 40 V cone voltages. NMR spectra were 
acquired on a Bruker DRX 500 operating at 500 MHz. 



Results and Discussion 

Base Association 

Ag + strongly favors association with the heterocyclic bases and not the phosphates. 1213 Supporting 
evidence comes from spectroscopic shifts for the Ag + -laden DNA complexes, the insensitivity of the 
affinity to competing cations, and the higher affinity for single-stranded vs. double-stranded DNA. 1415 
Thermodynamic measurements indicate at least two modes of binding. 1516 For Ag + :base concentrations < 
0.2, complexes form with the purines via nitrogen or 7t-electron coordination. For higher silver 
concentrations (0.2 < Ag + :base < 0.5), a weaker complex forms and involves coordination with the 
nitrogens of either the purines or pyrimidines. In our studies, we also find changes in the electronic 
absorption and circular dichroism spectra that indicate the silver ions and nanoclusters associate with the 
bases. For the 12-base oligonucleotide, the DNA absorption maximum (Kan) shifts from 257 nm to 267 
nm upon Ag + complexation (1 Ag*:2 bases) (Fig. 1). Following reduction of the bound ions, further 
spectral changes occur. Initially, shifts from 267 nm to 256 nm, and the molar absorptivity increases. 
This latter effect may be attributed to new, overlapping electronic bands for small silver clusters, which are 
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known to absorb in this spectral region. 17 Alternatively, the dipole coupling between the excited 
electronic states of the bases could be altered by structural changes induced by the silver nanoclusters, a 
possibility also suggested by the circular dichroism spectra (vide infra). Eventually, as Ag nanoclusters 
grow and visible absorptions evolve (vide infra), the shifts to 262 nm and the molar absorptivity 
decreases. 

The electronic transition of the bases exhibit a small circular dichroism (CD) due to the chirality of the 
riboses, and this spectroscopic technique is sensitive to the arrangement of the bases. 18 For the Ag + 
complex with double-stranded DNA, circular and linear dichroism studies show that Ag + induces nonplanar 
and tilted orientations of the bases relative to the helical axis." For the single-stranded oligonucleotide, we 
observe CD spectra that are similar to those for double-stranded DNA, suggesting that Ag + may cause 
similar perturbation of the bases in single-stranded DNA (Fig. 2). Analogous to the evolution of the 
absorption spectra (Fig. 1), the CD spectra also change upon reduction of the Ag + . The differences between 
the spectra in Fig. 2 indicate that the silver nanoclusters induce different structural changes in DNA than 
does Ag + . 

Nanocluster Sizes 

Because of the monodispersity of synthesized DNA oligonucleotides, the stoichiometry of the 
nanoclusters can be accurately determined using electrospray mass spectrometry (Fig. 3). These 
experiments were conducted in water to reduce the concentrations of cations that would form adducts with 
the DNA and consequently reduce sensitivity. The experiments also used a higher concentration of 
oligonucleotide (75 uM) to enhance the ion abundance. In Fig. 3A, the dominant peak in the spectrum 
occurs at 3607 amu, as expected for the 12 base oligonucleotide. Addition of 6 Ag + :oligonucleotide (1 
Ag + :2 bases) results in complexes with a maximum of 4 Ag + per DNA strand. This difference between the 
total and bound ion concentrations may be attributed to the weaker adducts that form at higher silver 
concentrations," which may be more susceptible to dissociation during desolvation and/or ionization. A 
poor description of the ion intensities is observed when they are fit as a Poisson distribution, which 
suggests that 4 Ag + /oligonucleotide is the favored stoichiometry (Fig. 3A). The DNA sequence used for 
these studies favors the single-stranded form as opposed to self-duplex or hairpin forms. The mass spectra 
indicate that the clusters are also bound to a single DNA strand. Following reduction of the bound Ag + 
ions, the number of bound silver atoms is initially small, but the distribution shifts to higher stoichiometrics 
with time (Fig. 3B). As opposed to the Ag* complexes, a Poisson distribution gives a more accurate 
description of the ion distributions for the reduced complexes. The following average cluster sizes were 
measured: 1.8 ± 0.3 (50 mins), 2.4 ± 0.2 (350 min), and 3.0 ± 0.2 (1050 min). The observed distribution 
terminates at 4 Ag/oligonucleotide, which again differs from a Poisson distribution. End effects may 
contribute to the stoichiometries of both the ion and metal complexes with these short oligonucleotides, but 
spectroscopic studies directly suggest that the base sequence is a significant feature of the interaction of the 
nanoclusters with DNA (vide infra). The mass spectra do not distinguish the possibility of single clusters 
or multiple smaller clusters bound to a single oligonucleotide, and studies with oligonucleotides of varying 
lengths and sequences may resolve this issue. 
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Nanocluster Spectra 

Mass spectrometry demonstrates that a small number (< 4) of silver atoms are bound to the single- 
stranded DNA template, and the following spectroscopic studies demonstrate that these silver atoms form 
nanoclusters. Reduction of the Ag + bound to the DNA results in new species with electronic transitions in 
the visible region of the spectrum (Fig. 4). The transition that is most prominent initially has a A™,,, = 426 
nm at 9 min after adding the BH/. Over a period of 12 hours, the absorbance of this band decreases and a 
broad absorption band with peaks at 424 and 520 nm develops. As determined through theoretical and low 
temperature spectroscopic studies, electronic transitions for small silver clusters, in particular Ag 2 and Ag), 
are expected in this spectral region. 1719,20 Using these prior studies, a definitive assignment of the 
electronic bands is problematic because the peaks for the DNA-bound cluster are expected to shift and 
broaden relative to their gas-phase and rare gas matrix-isolated values. No change in the absorbances or 
peak positions is observed when the solutions are centrifuged, indicating that the spectra cannot be 
attributed to nanoparticles. Similar spectra are observed when 2 BH/:! Ag + is used, indicating that the 
spectra arise from fully reduced silver clusters (not shown). In a buffer with 100 mM NaC10 4 , the results 
are similar to those in the lower salt buffer, with the only difference being a broad band without distinct 
peaks after longer times. This similarity suggests nanocluster formation is not impeded by competing 
cations, which is consistent with their association via the bases and not the phosphates. 

Because the small silver clusters do not have inherent chirality, the induced CD associated with the Ag 
nanocluster electronic transitions is further evidence that the clusters are bound to the DNA (Fig. 5). The 
most prominent band has a minimum response at 440 nm and this minimum shifts to longer wavelengths 
with time. However, unlike the absorption spectra, the magnitude of this response does not diminish with 
time. A shoulder at 500 nm suggests the species that contribute to the longer wavelength absorptions (Fig. 
4) are also bound to the DNA strand. 

As opposed to larger metal nanoparticles, a distinctive feature of small nanoclusters is their strong 
fluorescence due to their lower density of electronic states. For the DNA bound nanoclusters, prominent 
fluorescence is observed at « 630 nm (Fig. 6). For excitation between 240 and 300 nm, a band at 630 nm is 
observed with the maximum intensity observed using 260 nm excitation. While this result suggests the 
cluster emission occurs via energy transfer, the silver clusters also have higher lying excited states 
accessible in this spectral region. Thus, emission following direct excitation of the higher electronic bands 
of the silver clusters is also feasible. 

The multiple peaks in the absorption and circular dichroism spectra suggest the presence of small 
clusters with varying stoichiometrics. The fluorescence spectra provide further evidence that the samples 
contain multiple species, but the mass spectra indicate that each DNA strand encapsulates only a single Ag 
nanocluster. First, the maximum emission intensity (X^ = 638 nm) occurs with an excitation wavelength 
of 560 nm (Fig. 6), which is significantly red-shifted relative to the absorption maximum at 520 (Fig. 4). 
Second, for excitation at wavelengths greater than 500 nm, the wavelength of maximum emission shifts to 
longer wavelengths as the excitation wavelength increases. One possibility suggested by Fig. 6 is that the 
emission band for the 560 nm excitation can be spectrally decomposed as the emission bands for 540 and 
580 nm excitation. In other words, at least two distinct species contribute to the fluorescence in this 
wavelength region. 
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As suggested by the absorption spectra, NMR spectra also indicate that the silver nanoclusters interact 
directly with the DNA bases. The aromatic proton resonances in the 'H NMR spectra of the oligonucleotide 
are well resolved prior to the addition of Ag + (Fig 7). However, the proton resonances are essentially 
broadened to baseline upon addition of Ag + (spectrum not shown). In contrast, most of the aromatic proton 
resonances in the 'H spectra with silver clusters are almost as narrow as those of the free oligonucleotide 
(Fig. 7). The cytosine H6 proton resonances exhibit the largest change in chemical shift in the presence of 
the silver nanoclusters (Fig. 7). Similar upfield chemical shift changes were also observed for the H5 
protons of cytosine (spectrum not shown). These observations indicate that the cytosine bases are most 
favored for interaction with the silver nanoclusters. The six cytosine H6 resonances were identified in ID 
spectra based upon their splitting due to H6-H5 coupling, and by H6-H5 crosspeaks in 2D COSY spectra. 
However, it was not possible to determine the sequence position of each cystosine resonance in the proton 
spectrum. Nevertheless, the different chemical shift changes exhibited by the cytosine H6 resonances 
indicate that cytosine bases interact with silver clusters in a sequence-dependent manner. Experiments with 
additional oligonucleotide sequences are necessary to properly assess the relative association of adenine 
and thymine for silver nanoclusters. 

Concentration Studies 

To investigate the importance of the relative Ag + :DNA stoichiometry, a 10 uM concentration of each 
oligonucleotide was maintained while the Ag + concentration was reduced from 1 Ag + :2 bases (Fig. 4) to 1 
Ag + :10 bases (Fig. 8) and the cell pathlength was increased five- fold. While the two sets of spectra are 
similar with respect to the overall absorbances and the wavelengths of the transitions, differences are 
observed. The maximum absorbance for the 420 nm peak occurred at 20 min for the more dilute sample, or 
about twice as long as for the more concentrated sample (Fig. 4). This slower rate is expected when 
intermolecular exchange results in the formation of specific and favored cluster stoichiometrics. The width 
of the 440 nm band is much narrower in the more dilute sample as opposed to the more concentrated 
sample, which suggests that a range of binding sites with slightly different electronic effects are available 
for binding by the silver clusters. At the lower concentration, the more favored sites are occupied, leading 
to an overall narrowing of the spectral transition. Another difference is the presence of a new band at 360 
nm, and we observe no fluorescence associated with this band. No differences were observed in the 
fluorescence spectra of the concentrated and dilute samples. 

Conclusions 

Small (< 10 atoms) metallic nanoclusters have interesting optical properties and many potential 
applications, and we are interested in controlling their stoichiometry and thus, their optical and electronic 
properties. Toward this goal, we have utilized DNA templates for synthesizing silver nanoclusters. From 
this work, we reach the major conclusions that DNA acts as a template for the time-dependent and size- 
specific formation of nanoclusters. Prior to reduction, the Ag + ions have a strong interaction with the DNA 
strands. Then, addition of NaBFU results in 1 - 4 Ag atoms bound to the 12 base oligonucleotide, as 
determined through mass spectral analysis. The new electronic transitions that are observed in the 
absorption and fluorescence spectra are in the expected range for small silver nanoclusters. Base specific 
interactions could be a significant feature of these nanoclusters, as suggested from the chemical shifts in the 
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NMR spectra for the cytosine bases and the truncated distribution in the mass spectra. Together, these 
results suggest that it may be feasible to control the formation of nanoclusters with specific stoichiometrics 
using DNA strands with specific sequences. 
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Fig 1. Response of the electronic transition of the oligonucleotide bases to association with Ag + and Ag 
nanoclusters. Following are the conditions for the spectra: A (dotted line) - 10 uM oligonucleotide 
solution; B (solid line) - oligonucleotide with 60 uM Ag + (1 Ag + :2 bases); C (coarse dashed line) - 2 min. 
after adding 1 BH4M Ag* to the oligonucleotide/ Ag + solution; D (fine dashed line) - 1 100 min after adding 
BHt" to the oligonucleotide/Ag + solution. 
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Fig. 2. Response of the circular dichroism associated with electronic transition of the oligonucleotide bases 
to association with Ag + and Ag nanoclusters. Following are the conditions for the spectra: A (dotted line) - 
10 jiM oligonucleotide solution; B (solid line) - oligonucleotide with 60 uM Ag + (1 Ag + :2 bases); C 
(coarse dashed line) - 120 min. after adding 1 BUT: 1 Ag* to the oligonucleotide/Ag + solution; D (fine 
dashed line) - 4300 min after adding BH»" to the oligonucleotide/Ag + solution. 
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Fig. 3a Electrospray ionization mass spectra of the oligonucletide and silver ion adducts. Following are 
the conditions for the spectra: Left axis - 75 uM oligonucleotide solution with a peak at 3607 amu; Right 
axis - 75 uM oligonucleotide with 60 uM Ag + (1 Ag + :2 bases) with peaks at 3821, 3928, 4035, 4141, and 
4247 amu. The intensities of the peaks for the Ag + /DNA complexes were fit with a Poisson distribution 
(open circles) to give a mean size of 4.3 ± 1 .3 AgVoligonucleotide. 
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Fig. 3b Electrospray ionization mass spectra of silver cluster complexes with the DNA oligonucleotide. 
Overlaid as open circles are the Poisson fits of the intensity distributions and the mean number of bound Ag 
is provided in the parentheses. Following are the conditions for the spectra: Top - 75 uM oligonucleotide 
with 60 mM Ag + and 50 min. after adding 1 BH 4 ':1 Ag + (1.8 ± 0.3 Ag) Middle - 350 min after adding BR,' 
to the oligonucleotide/ Ag + solution (2.4 ±0.2 Ag); Bottom - 1050 min after adding BHf to the 
oligonucleotide/Ag + solution (3.0 ± 0.2 Ag). The peaks are observed at 3607, 3714, 3821, 3927, and 4036 
amu. The small peaks displaced by 22 amu are attributed to Na-DNA adducts due to the use of NaBH,' for 
the reduction. 
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Fig 4. Absorption spectra associated with the DNA-bound silver nanoclusters . For these spectra, 
[oligonucleotide] = 10 uM, [Ag + ] = 60 uM, and [Bri» ] = 60 uM. The foremost spectrum in the time series 
was acquired 9 mins after adding the BUT, and it has = 426 nm. Subsequent spectra were acquired 
approximately every 30 mins. The inset spectrum shows the last spectrum in the series (692 mins) and 
peaks are observed at 424 and 520 nm. 
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Fig. 5. Induced circular dichroism spectra for the electronic transitions associated with the nanoclusters. 
For these spectra, [oligonucleotide] = 10 pM, [Ag*] = 60 uM, and [BUT] = 60 in a 1 mM phosphate 
buffer and the cell pathlength was 5 cm. The spectra were collected 2 min (A - dashed-dotted line), 20 min 
(B - dotted line), 40 min (C - fine dashed line), 60 min (D - coarse dotted line), and 150 mins (E - solid 
line) after adding the BHf. 
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Fig. 6 Fluorescence emission spectrum of the silver nanoclusters bound to the oligonucleotide. For these 
spectra, [oligonucleotide] = 10 u.M, [Ag + ] = 60 uM, and [BH4"] = 60 uM. In the top graph, a series of 
emission spectra were acquired using 240, 260, 280, and 300 nm excitation. A broad emission band is 
observed between 400 and 550 nm and a peak is observed at 632 nm. In the bottom graph, excitation at 
540, 560, and 580 nm results in emission bands with maxima at 629, 638, and 642 nm, respectively. 
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Fig 7. The aromatic proton region from 'H NMR spectra of the oligonucleotide with and without the silver 
nanoclusters. Vertical lines indicate aromatic proton resonances with chemical shifts that change after 
nanocluster formation. Cytosine H6 resonances, which exhibit the largest changes in chemical shift, can be 
identified by their splitting due to coupling to cytosine H5. For these spectra, [oligonucleotide] = 0.93 mM, 
[Ag + ] = 5.6 mM, and [BR,] = 5.6 mM in a solution of 90% 1 mM phosphate buffer and 10% D 2 0 at 25 °C. 
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Fig 8. Absorption spectra associated with the DNA-bound silver nanoclusters using 1 Ag + :10 bases. For 
these spectra, [oligonucleotide] = 10 uM, [Ag + ] = 12 uM, and [BR,] = 12 uM. The first ten spectra were 
acquired every 2 mins after adding the BH»', and the spectrum at 20 mins has X„, u = 440 and 357 nm. 
Subsequent spectra were acquired approximately every 40 mins. The inset spectrum shows the last 
spectrum in the series (704 mins) and a peak at 380 nm is observed. In addition, a broad emission band 
from 430 - 600 nm is observed. 
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A. Specific Aims 

Understanding the inherent heterogeneity within living systems demands the development of new in vivo single molecule (SM) 
optical methods to follow protein dynamics without the veil of ensemble averaging. 1,2 Only through such high sensitivity SM methods 
can the promise of real-time characterization of dynamic cellular processes be fully realized. Although many fluorophores can be 
utilized in single molecule microscopy, continued advances are highly dependent on creating new fluorophores with greatly improved 
photophysical properties. Current fluorescent labels suffer from rapid photobleaching, low signal to background on the single molecule 
level, and often difficult synthetic attachment chemistries that can limit both in vitro and in vivo applications. Recently we have shown 3 ' 
that non-toxic dendrimer-encapsulated noble metal nanoclusters (<l-nm diameter) show extremely strong, robust, size-dependent 
single molecule fluorescence 6 " 9 and even single molecule Raman emission, but at much smaller sizes than either semiconductor 
quantum dots (3-10 nm diameters), 10 " or more common Raman-enhancing metal particles (40-100 nm diameters). 12 " 14 

The bright fluorescence and Raman-enhancing abilities of noble metal nanoclusters enables us to create ultrasmall biolabels with 
two orders of magnitude stronger emission than any other known fluorescent label. Through a modular synthetic chemical approach, 
we will incorporate unique nanodot fluorescence and Raman signatures while simultaneously attaching and characterizing membrane 
transport and protein recognition units on the nanodot surface, thereby transforming them into specific, ultrabright in vivo single 
molecule fluorescence and Raman labels in background-free spectral windows. In addition, we will develop new strategies to create 
genetically encoded motifs that ultimately result in ultra-small, membrane transportable, targeted, genetically programmed biolabels 
with nearly ideal optical properties. Temporal and spectral gating will further enhance sensitivity to enable direct observation of single 
molecule dynamics with weak excitation and very low background, even in the presence of strong autofluorescence. The chemical 
schemes employed will create a modular, multi-functional array of nanodot probes ideally suited for targeted in vivo imaging of 
individual proteins. These metal nanocluster-based 415 " 20 modular, tunable, ultrabright, targeted, and biologically specific labels will 
singularly enable direct labeling and following of in vivo single protein dynamics with high temporal and spatial resolution. 
Specific Aim I. Create modula r single molecule fluorescence and Raman nanodot probes. We have developed Au and Ag 
nanocluster fluorescent and SM-Raman active species through biocompatible poly(amidoamine) dendrimer (PAMAM) 
encapsulation. 4,20 We will develop these strongly absorbing and emitting materials as modular single molecule fluorescence and Raman 
labels to penetrate membranes and bind specific proteins within the cytosol of living eukaryotic cells. Through targeted chemical 
derivitization including 'click' chemistry and thiourea linkages of both the outside and inside of PAMAM or PAMAM analogs, we will 
develop the modularity in the PAMAM scaffold necessary to incorporate functional groups for modular attachment of biochemical 
targeting and recognition motifs. We will also modify the PAMAM core to incorporate and characterize Raman active vibrations for 
unique narrow optical signatures. 

Specific Aim II. Buil d and assay biological specificity. Dendrimer-encapsulated nanodots can already be employed as small, 
extremely bright biocompatible labels. To further expand the modularity of Ag and Au nanodot labels, we will develop bifunctionalized 
conjugates, which combine modifiers to increase cellular uptake and various affinity-tags to label proteins in vivo. The modifiers will 
be attached through the 'click'-chemistry detailed in Specific Aim I. Various membrane transport mechanisms will be assayed by 
measuring the kinetics of internalization as a function of various uptake signals. Membrane transport peptides and biochemical 
recognition/fusion protein binding units will be combined onto PAMAM dendrimers via an orthogonal bifunctionalization strategy. 
Nanodots created from these species will be compared against the uptake of monofunctionalized nanodots. Specific molecules targeting 
specific subcellular compartments will also be attached and examine their efficiency in directing nanodots to different pre-determined 
organelles. The single molecule and bulk optical properties of these functionalized nanodots will also be fully characterized for 
subsequent in vivo use in Aim III. 

Specific Ai m HI. Intracellular single molecule labeling, specificities and protein dynamics. Further expending the versatility of our 
modular biolabels, short peptide sequences that specifically recognize functionalities on the dendrimer nanodot will be identified 
through solution-based library screening, a strategy that will create genetically encoded domains that 'capture' our ultrabright, 
membrane transportable nanodots. In addition, lock and key mechanisms (biotin-avidin) and catalytic covalent linkage (hAGT-BG) of 
nanodots to fusion proteins will first be characterized in vitro, followed by in vivo assays through both single molecule and bulk 
methods. The binding constants and labeling efficiencies will be probed both in vitro and in vivo and their influence on protein activity 
will be characterized by biochemical and biophysical methods. By utilizing a ligand-triggered protein trafficking system, progesterone 
receptor translocation, we will gate the flow of labeled protein into the nucleus to study the dynamics and assay its efficiency. New 
optical discrimination methods enabled by the unique nanodot optical properties will be employed to directly image individual proteins, 
even in the presence of strong autofluorescence. 

Future extensions of the targeted specific labeling technologies developed through this exploratory center proposal. 

Together, these studies provide a complete toolset for creating strongly fluorescent and Raman active noble metal nanoclusters 
with -100 times stronger emission than the best available labels. The fast time response and extremely low photobleaching combined 
with the narrow temporal and spectral windows offer opportunities for measuring very fast and long time single protein dynamics 
within living systems, even in the presence of strong autofluorescence. The chemical functional izat ion to incorporate not only specific 
Raman signatures, but also modularity in membrane transport and fusion protein recognition and binding, offers a complete set of 
labeling tools that can be readily adapted to image various dynamic cellular processes. These studies will be broadened beyond the 
scope of this exploratory period to create chemically sensitive Raman sensors, infrared and near infrared emitters, energy transfer pairs, 
and dual function probes (as Au 3) should be readily observable with electron microscopy). In the future, this modular approach will 
lead to an exponentially larger array of tools capable of rendering individual molecules and their dynamics in living cells readily 
observable to even the most inexperienced of researchers. 
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B. Background and Significance 

/. Contrast generation in single molecule optical microscopy. Several key in vitro experiments ranging from RNA and protein 
folding to molecular motor motion have uniquely demonstrated the ability of single molecule microscopies to unravel the crucial steps 
leading to in vitro biological activity. 1 ' 3-21 " 38 Unfortunately, the problems resulting from fluorescent labels become increasingly acute on 
the single molecule level and completely preclude studying in vivo dynamics. Although complementary in information content to 
ensemble studies, single molecule experiments present an extreme limit in which weak signals must be observed on essentially zero 
background. 39,40 By yielding time averages of many individual systems, single molecule studies enable bulk-obscured nanometer scale 
environmental interactions to be directly probed, 1,4M3 without the need of difficult external synchronization. 21,23 " 25,27,44 Unfortunately, 
current reliance on artificial fluorescent labeling of proteins of interest not only limits single molecule studies to in vitro observation, 
but also severely limits the timescales over which dynamics can be followed. Even for in vitro single molecule studies, excitation rates 
must be very high to yield biologically relevant information with reasonable time resolution (ms to seconds) and good signal to noise. 
Because the absorption cross-section (extinction coefficient, e) of the best organic fluorophores is only ~10' 16 cm 2 (e ~ 10 5 M"'cm"') at 
room temperature, 38 high intensity laser excitation must be utilized for single molecule fluorescence studies. Additionally, organic 
molecules can only withstand ~10 6 excitation cycles before they photochemically decompose. 2,30,38 At 10 6 excitations/second (using 
~5kW/cm 2 excitation intensity and a typical collection/detection efficiency of 5%), this limits the time resolution to ~1 ms (with an 
idealized signal to noise ratio of ~7), and the average total time to follow an individual molecule before photobleaching to ~1 second. 
While this can be a large amount of data on very biologically relevant timescales, many of the excitation cycles end up being consumed 
by finding the molecules of interest before collecting data. Relying on the introduction of artificial labels to identify the particular 
protein or structure of interest, all fluorescence based methods suffer from two additional problems - photobleaching (loss of signal due 
to probe destruction) and autofluorescence (naturally occurring background fluorescence from native species within biological media). 
Such optical methods relying on high-intensity laser excitation of highly emissive and robust fluorophores require not only extremely 
efficient background rejection, but also the development of new nanomaterials with improved optical properties. Even with these 
problems, fluorescence microscopy remains the primary optical method with potential for single molecule and chemical sensitivity 
while imaging biological media. Thus, advances in label properties will be crucial to the continued success of all single molecule 
optical studies in biological systems. 

2. Attachment chemistries. Most in vitro fluorescent labeling is performed through standard chemical coupling of either N- 
succinimidyl ester-conjugated dyes to free, solvent-exposed amines (often on lysine residues) or maleimide-conjugated dyes to thiols 
on either naturally occurring or genetically introduced solvent-exposed cysteines. These two coupling chemistries continue to be 
extremely useful in attaching small, highly fluorescent dyes to proteins of interest. Such fluorescent biomaterials are then adequate for 
in vitro single molecule studies, or they can be re-introduced into cells in high concentration either through microinjection or other 
membrane transport methods to perform bulk fluorescence studies of the protein of interest within whole cells. Because of 
photobleaching, low excitation rates, high in vivo background, often non-specific labeling, and difficult in vivo incorporation, studying 
dynamics of few copies of proteins within living systems requires the development of targetable, specific, membrane permeable, 
ultrabright and photostable probes such that they can specifically label proteins of interest inside cells and be easily observed with weak 
illumination for long times. Such illumination would enable preferential excitation of the fluorophores of interest relative to that of 
weak background signals. Unfortunately, as available dyes and specific attachment chemistries are limited, single molecule sensitivities 
are as of yet difficult to attain in such high background in vivo studies and are often difficult to observe even in lower background in 
vitro studies. 

3. Improvements over standard fluorescent labels 

3.a, Water-soluble quantum dots as biolabels. Requiring similar attachment chemistry to that of organic fluorophores, water 
soluble II- VI quantum dots have recently been proposed and demonstrated as biological labels. 10,11,45 Materials such as CdSe with 
protective and stabilizing ZnS overcoatings have size dependent optical properties and can be synthesized with very narrow size 
distributions. 46 " 48 The strong absorption, spectral stability, and size-tunable narrow emission of these nanomaterials suggest exciting 
possibilities in biolabeling once further chemistry on the outer ZnS layer is performed to passivate, solubilize, and functionalize these 
materials. 10,11,49 " 58 While quite promising due to their bright and very narrow size-dependent emission, multiple problems with using 
CdSe as biological labels still exist. CdSe quantum dots are comparable to the size of proteins that they may label (3-10 nm in 
diameter), and they suffer from the same need to externally label proteins of interest and re-introduce the labeled proteins into cells. 
While offering reduced photobleaching, their absorptions are very broad, thereby precluding their use as energy transfer pairs. 
Fundamentally, these semiconductor quantum dots absorb very strongly (e~10 7 M 'cm" 1 , or ~100x that of a good organic fluorophore) 
with energy tunneling down to the lone emissive bandgap level. Unfortunately, one must wait for a time corresponding to the quantum 
dot fluorescence lifetime (of -10 ns) for emission to occur. This long radiative lifetime limits the total light out of quantum dots, and in 
fact, makes them only comparable in brightness to organic fluorophores (that have similar radiative lifetimes). The advantage is that 
they can produce the same number of photons/second as organic fluorophores with much weaker excitation. Consequently, these 
nanomaterials enable background reduction due to their strong absorptions relative to the organic fluorophores, but they do not increase 
signal intensity. Thus, while the strong oscillator strengths enable quantum dots to be easily observed with weak mercury lamp 
excitation, thereby avoiding much of the more weakly absorbing autofluorescent background, they are neither an ideal solution to in 
vivo nor in vitro single molecule studies. 

3.b. Protein-derived biological labels. Ideally, one would want the smallest possible genetically programmed label to be expressed 
on the protein of interest. Such an ideal label would need to have sufficiently strong absorption and emission as well as outstanding 
photostability to enable long time single molecule observation with high time resolution, even in the presence of high background 
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fluorescence. Unfortunately, such a fluorescent probe does not yet exist. Composed solely of amino acids, green fluorescent protein 
(GFP) 2,59-64 is an excellent in vivo label, and has even been observed on the single molecule level in in vitro studies by many 
authors. 2 - 63-72 In one of the first such studies, we characterized GFP blinking and optical switching abilities as we used photons to 
shuttle the GFP chromophore between two different optically accessible states. 2 Unfortunately, while GFP can be specifically attached 
to the N or C terminus of any protein and expressed in vivo as a highly fluorescent label, problems, especially on the single molecule 
level, still remain. Emission only occurs once GFP has folded into its final conformation, a process that can take up to ~1 hour and, 
while examples of GFP labeling have been reported within all regions of different cells, sometimes GFP does not properly fold under a 
given set of conditions. 59,63 Additionally, when considering single molecule studies, its emission significantly overlaps with the 
autofluorescent background, but its emission intensity is only comparable to standard exogenous organic dyes, thereby making in vivo 
single molecule studies unrealistic. While largely insensitive to oxygen, it also typically bleaches after ~10 6 excitation cycles, similar to 
standard organic dyes. 2 DsRed 73-76 partially circumvents the issue of overlap with autofluorescent background, but while the red-shifted 
emission of DsRed relative to that of GFP could be an advantage, its comparable fluorescence intensity and tendency to form 
quadruplexes even at extremely low concentration limit its use as a biological label. 68,70,77,78 

3.cNoble metal nanocluster fluorescence. Metals exhibit a particularly wide range of material behavior along the atom to bulk 
transition. 6,79,80 At sizes comparable to the Fermi wavelength of an electron (-0.5 nm), optical properties are significantly modified and 
discrete nanocluster energy levels become accessible. 79,80 Such metal nanoclusters, composed of only several tens of atoms exhibit 
molecule-like transitions, as the density of states is insufficient to merge the valence and c onduction bands. 3,46 8 ' 82 Recently, we 
utilized PAMAM G4-OH and G2-OH dendrimers (4 th and 2 nd generation OH terminated 
poly(amidoamine)s, Figures 1&4) to stabilize, and solubilize extremely small Ag and Au 
nanoclusters. 4,20,81,82 Conferred on Au and Ag nanodots only at the nanoscale, these size- 
dependent metal nanodots have strong oscillator strengths and very high fluorescence quantum 
yields in water (-50%), but at much smaller sizes than any other nanomaterial. 420,81,82 Similar to 
much larger semiconductor quantum dots, excitation is ~100x stronger than the best organic 
dyes and emission energy increases as nanocluster size shrinks. Most importantly, the discrete 
excitations and extremely short radiative lifetimes (-30 ps, Figure 2) coupled with the high 
fluorescence quantum yields enables these nanoclusters to emit nearly three orders of magnitude 
more photons/second than even semiconductor quantum dots. This singular advance opens 
possibilities of using noble metal nanodots as bright, photostable, and size-tunable biolabels 
(e.g. Figure 3). Additionally, the potential for harnessing the extremely strong pre-plasmonic 
electronic transitions of Au and Ag nanoclusters for Raman spectroscopy on the single molecule 
level not only suggest exciting applications in biolabeling with sub-nanometer Raman probes 



<"m nm, 



Figure 1. Structure of 2 nd 
generation NH2-terminated poly- 
(amidoamine) dendrimer, G2-NH2. 



but also eventually .developing ratiometric Raman sensors for measuring intracellular concentrations and single molecule dynamics 
With absorption strengths comparable to those of much larger quantum dots, these strongly absorbing, fluorescent, potentially 
Raman-enhancing (see Preliminary Results section), and photostable noble metal nanodots 
will be employed as high-brightness, targeted in vivo single molecule biolabels. 
4. Raman microscopies and single molecule SERS 

Surface enhanced Raman spectroscopy (SERS). In the 1970s, it was discovered that Raman 
(vibrational) signals are greatly enhanced (~10 6 -fold) near roughened metal surfaces. 83-87 Originally 

postulated to arise from the strong electromagnetic field 
enhancements near silver surfaces, observed surface 
enhancements were often larger than could be ascribed 
to this effect alone. In 1984, Hildebrandt and 
Stockburger reported detection of -10 -9 M rhodamine 6G 
with SERS 88 - a result requiring an enhancement of -15 
orders of magnitude. This observation portended the 
recent reports of single molecule SERS (SM-SERS) that 
require a similar unexplainably large enhancement 




Figure 3. Multiple single Ag nanodot 
emission spectra. (20W/cm 2 ). 
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usually ascribed to nebulous electromagnetic and resonance Raman enhancements in the near field 
of silver nanoparticles. I2 - 14 - 89 ' 90 

SERS provides important vibrational information on molecules within complex chemical 
systems. Thus, while only certain modes are enhanced, surface enhanced Raman spectroscopy (SERS) is the only tool that can truly 
combine chemical information with single molecule sensitivity. Although Raman is a weak effect, it is actually stronger on the single 
molecule level than is fluorescence. 12-1 88 This results from the instantaneous nature of the Raman process, thereby increasing total 
emission rates and preventing photobleaching. Currently, SERS is impractical for labeling due to the need to amplify Raman signals 
with very large (> 50-nm diameter) highly absorbing and scattering Au or Ag nanoparticles as Raman contrast agents for molecules 
very close to the metallic surface. 83-88,91 As only a subset of particles give this enhanced response and the full enhancement cannot be 
explained with theory, the chemical and physical interactions giving rise to the enhancement and its associated fluorescent background 
remain elusive. Unfortunately, while Raman signals do not bleach, the large Ag and Au Raman contrast enhancing nanoparticles are 
incompatible with in vivo biological imaging. 
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Crucial to most SM-SERS arguments is the existence of "hot spots" or binding sites exhibiting unique enhancements. In fact, silver 
colloids specifically prepared without surface-bound clusters do not yield enhancements sufficient for single molecule sensitivity. 14,92 ' 93 
Classically, Raman spectroscopy occurs through an external electric field (e.g. a laser) polarizing the molecule, thereby inducing a 
dipole moment at the excitation frequency (Rayleigh scattering), and at the sum and difference frequencies between molecular 
vibrations and the excitation source to yield the Raman signal. The classical description relates the induced dipole, u, to the applied 
electric field, E, through the polarizability tensor, a. Quantum mechanically, of course, the Raman transition moment (i.e. polarizability 
matrix elements) is given by the Kramers-Heisenberg-Dirac formula (equation 1). 

In accord with Equation 1, the laser polarizes the molecule to connect the initial, |i>, and final, |f>, vibrational levels by mixing 
each with all available electronic states, |m>. The resulting inelastic Raman scattering from the intermediate to the final state deposits 
vibrational energy in the molecule. As the energy difference between the incident laser (Ei^) and any of the strongly allowed 
electronic transitions between states |i> and |m> (E mi ) becomes small, strongly enhanced Raman transitions occur with a homogeneous 
linewidth, T. This resonance Raman process occurs through the resonant driving of an electron between dipole-connected electronic 
states. Consequently, the extremely strong absorption of Ag 
nanoclusters (cj~10' 14 cm 2 ) directly contributes to the very strong 
Raman signals on Ag nanoparticles. 

CARS (Coherent Absorption Raman Spectroscopy) imaging. Due 
to its reliance on the presence of large nanoparticles for high Raman contrast, Raman imaging has yet to approach the single molecule 
level in anything even approximating a real biological system. Xie and co-workers, 94 " 99 however, have developed a novel zero- 
background nonlinear optical microscopy, CARS, to image live ceils with chemically relevant information. By probing the C-H stretch 
frequency, for example, they were able to differentiate lipids from cytoplasm and begin to image different organelle structures with 
good optical resolution and sensitivity. While promising, this exciting technique depends nonlinearly on the number of vibrational 
modes of a given frequency in any molecule. Therefore, this method has yet to reach the sensitivity limits necessary to image and assay 
the dynamics of individual copies of a given protein. Clearly for linear and nonlinear Raman imaging of living systems to reach the 
single molecule level, nanoscale Raman contrast agents must be created and specifically bound to proteins. 

5. Biological scaffolds for materials science. 

Dendrimers. Having found many uses in recent years, dendrimers are highly symmetric branched polymers that can be created 
with well-defined and pre-programmed shapes, molecular weights, chemical properties, and perfect polydispersities. 100 " 105 Dendrimers 
are defined by their generations or the number of shells of a given chemical composition counted outward from the center. 103 Although 
hyperbranched or starburst dendrimeric structures have been created from many 
different monomeric units, 101106 one of the most intriguing is the biocompatible 
poly(amidoamine), or PAMAM, 104,107,108 portrayed in Figure 1. This water- 
soluble dendrimer has a peptide-like amide-based backbone and has found great 
utility in applications ranging from templates for nanoparticle synthesis (Figure 
4) 109 - 113 to controllable release scaffolds for drug and gene delivery. 16 - 104 - 114 -" 8 
In fact, PAMAM has not only shown great proficiency in readily penetrating 
tissues 119 " 121 and cell membranes, 122 " 124 but its biodegradability further bolsters 
its potential for intracellular cargo delivery. 115,125 ' 127 Such well-controlled 
dendritic structures are easily made to have well-defined interiors and exteriors 
for differential functionalization and tailoring to a wide variety of 
applications. , ° 1,111,114,123,128 



While single molecule methods have been effective in "peeling back" the ensemble average to examine environmental and 
mechanistic heterogeneity, current techniques remain fundamentally limited by the poor optical properties, bioincompatibility 
of available fluorescent labels and the narrow timescale window accessible to single molecule observation. Nanotechnology has 
yet to ameliorate these problems. New single molecule probes must therefore be created with greatly improved photostability, 
much stronger absorption and emission under weak illumination, facile synthesis and conjugation to proteins, and tunable 
emission color. Ideally, such ultrabright labels should also contain chemically specific information and be genetically 
programmable such that proteins under study can be directly labeled intracellular^/, without first being overexpressed, 
purified, labeled, and subsequently reintroduced into cells. The combination of extremely strong Ag and Au nanocluster 
fluorescence and Raman enhancing capabilities (see Preliminary Results) combined with bioinspired materials such as 
PAMAM dendrimers have enabled us to create fluorescent materials that meet or exceed most of these stringent requirements. 
Further employing chemical and biological diversity in conjunction with nanocluster optical properties will enable direct, 
ultrasensitive labeling of proteins using Raman tags to follow single protein dynamics within living systems. The materials and 
methods developed in this proposal will provide a set of tools that are generally applicable to in vivo single molecule studies. 
Most importantly, the proposed ultra-bright probes will provide sufficient signal to be readily observed in nearly any 
environment with unprecedented sensitivity. 
C. Preliminary Results relevant to Specific Aims. 

Creation and characterization of strongly emitting Au and Ag nanodots. We demonstrated the facile synthesis of Au and Ag- 
containing dendrimer nanodots through sequestering metal ions into PAMAM dendrimers 4 109 129,130 followed by reduction using either 
photoactivation with weak UV light or standard reducing agents, maintaining neutral pH. The reduced metal atoms aggregate within the 
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Figure 4. Au nanodot production. Fourth generation 
PAMAM dendrimers interact with Au 3+ ions, which 
are subsequently photoreduced with UV light or 
chemical reductants to create metal nanoclusters 
inside the dendrimer core. 
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Mass 

Figure 5. (left) Electrospray mass 
spectrum of blue-emitting G2-OH 
PAMAM encapsulated Au nanoclusters. 
(right) Emission from G2-OH 
encapsulated gold nanodots under long- 
wave UV lamp irradiation (-366 nm) 



dendrimers to form small nanodots (dendrimer-encapsulated nanoclusters) and large nanoparticles, which are readily removed by 
centrifugation. Simply by adjusting the initial concentration ratios, we can tune Ag and Au nanodots excitation and emission 
throughout the visible and near-IR region (Figures 3,5 & 6). Such nanodot solutions exhibit no characteristic surface plasmon 
absorptions, and the mass spectra (enabled by the precise dendrimer molecular weight, Figure 5) clearly reveal well-defined 
nanoclusters within the PAMAM host. The extremely strong electronic transitions and high fluorescence quantum yields of these small 
metal nanoclusters (<l-nm in size for both Au (5-3 1 atoms) and Ag (2-8 atoms)) make them as strongly absorbing as much larger CdSe 
quantum dots, but more than lOOx brighter due to their much faster radiative lifetime (Figure 2). 81,82 These dendrimer-metal based 
nanodots can be dried and re-dissolved w ithout changing the optical properties. The symmetry of absorption and emission (Figure 6) 

clearly indicates that emission is more molecular in nature than from quantum confined 
bands of semiconductor quantum dots which do not exhibit discrete absorptions. 
Amazingly, fluorescence quantum yields for G4-OH and G2-OH encapsulated gold 
nanodots range from 70% for the UV emitting species (Au 5 ) to -20% for the near IR 
species (Au 31 ) - 2-3 orders of magnitude higher than observed for any other Au species and 
comparable to the best available fluorophores. The extinction coefficient increases 
significantly for Au as one moves farther out in the near IR and the lifetime shortens to less 
than 1 ns. Ag nanodots, on the other hand all have extremely short lifetimes (~30ps, Fig. 2) 
with >30% quantum yields due to excitation of electrons in the highly polarizable pre- 
plasmon transition. This short lifetime and high quantum yield mean that many more 
excitations/second can occur, thereby giving orders of magnitude higher signal than even 
similarly absorbing, but much longer lived (-10 ns) and more rapidly photobleaching 
semiconductor quantum dots. 

The important concept here is that as one moves to excitation energies lower than the 
characteristic plasmon absorptions (-390 nm for Ag, -520 nm for Au), transition strengths 
become extremely strong due to collective oscillation of electrons. The plasmon in such nanoscale metal species is more discrete in 
nature and leads to the unprecedented strong emission. As shown in Figures 7 and 8, these species are readily observable on the single 
molecule level with excitation strengths up to 100 times stronger than the best organic dyes. It is precisely these extremely strong 
optical transitions that, according to Equation (1), can lead to very high polarizabilities and to single molecule Raman (SM- 
Raman) signals from the scaffold encapsulating the sub-nm noble metal nanocluster. Thus, we will utilize both the extremely 
strong SM fluorescence and the SM-Raman for in vivo biolabeling. 

Ag nanoclusters as scaffold-specific single molecule Raman contrast enhancement agents. By exciting slightly longer 
wavelength than both the optical transition and the surface plasmon excitation, we hav e observed strong, blinking, SM-Raman spectra 
from our dendrimer and peptide encapsulated individual nanodots. With Ag 
nanoclusters as the contrast agents, these highly scaffold specific Raman signals are 
readily observed under 514-nm excitation (F igure 7), while Au nanodots need to be 

excited in the near IR to yield SM- 
Raman transitions, both in accord with 
SM-SERS signals observed from dyes 
adsorbed on surfaces of much larger 
Ag and Au nanoparticles. These 
observations demonstrate that only the 
nanocluster (not the large 
nanoparticle) interacting with the 
organic scaffold is necessary to 
produce Raman signals on the single 
molecule level and yield the observed 

wavelength dependence on excitation. Consequently, SM-Raman does not need large 
nanoparticles to be observed on the single molecule level - the few-atom-sized, strongly 
absorbing, pre-plasmonic Ag or Au nanoclusters are sufficient to yield strong SM- 
Raman signals with lOOx larger cross sections than the best organic fluorophores and 
emission rates >100x higher than even much larger semiconductor quantum dots due to 
the extremely fast and efficient radiative decay. While individual molecules have very 
different spectra, each is specific to the surrounding scaffold. While both the 
fluorescence and Raman enhancing properties of these noble metal nanoclusters will be 
developed and utilized in this proposal, the Raman effect provides unambiguous 
scaffold-specific information on the single molecule level. Additionally, by only 
looking within a very narrow spectral window corresponding to the vibrational 
frequency shift from the laser energy, the strong, very narrow (vibrational) linewidth 
further reduces background but maintains very strong single molecule signals. Whether 
individual features are probed with Raman spectroscopy or the spectra of many 
individual features are summed (Figure 8), clear differences are observed that are 
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Figure 7. (A-C) Peptide darkfield (A) 
and emission (B) images of the same 
field of view. Vertical lines correspond 
to the monochrometer slits used to take 
the spectrum in (C). The sharp lines are 
Raman transitions characteristic of the 
peptide scaffold. Only features not 
observed in the darkfield images were 
studied — proving that SM-Raman arises 
from nanodots smaller than 2 nm (the 
lower limit of observability in darkfield 
microscopy). (D-E) The corresponding 
darkfield image, emission image, and 
SM-Raman spectrum of the PAMAM 
scaffold enhanced by the Ag nanocluster 
it surrounds. 
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Figure 6. Excitation ( ) and emission 

( — ) spectra of different strongly 
fluorescent Au nanodot solutions. Identical 
colors are used for excitation/emission 
spectra of the same species. 
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characteristic of the nanodot-encapsulating scaffold. By exciting longer than the surface plasmon frequency of the bulk metal, one can 
clearly observe the enhanced Raman on the single molecule level. It is this observation that enables SM-Raman as an in vivo label with 
chemical information. Because of the narrow linewidths, an order of magnitude increase in sensitivity is possible solely due to 
background reduction of the broad autofluorescence by looking in a narrow spectral window that contains only the Raman emission. 

Peptide encapsulation of metal nanodots. We have demonstrated that a short 9- 
amino acid peptide can stabilize Ag„ nanocluster emission (Figure 7). This short peptide 
(AHHAHHAAD) was recently reported to interact with large metal and semiconductor 
nanoparticles upon reduction.' 31 -' 32 Using our gentle photoactivation procedures, 4 we have 
produced very highly emissive peptide-encapsulated nanodots. As reported above, not 
only do these peptide-encapsulated nanodots fluoresce with very short lifetimes and high 
quantum yields, but they also have strong SM-Raman signals with narrow features 
characteristic of the peptide scaffold. 

Our gold and silver nanodots are very stable in both solution (even at high salt 
concentrations) and films and are readily observed on the single molecule level with 
chemically tunable emission properties, ultrabright fluorescent and scaffold-specific SM- 
Raman emission and reduced blinking (Figure 9). It is precisely the properties conferred 
upon nanoscale gold and silver when approaching the atomic level that we will exploit as 
in vivo single molecule biolabels. With synthetic control of nanodot attachment and 
Raman enhanced vibrational modes, such simple nanomaterials will become an 
entire new class of quantum dots with great potential as biological labels. Due to 
their discrete absorptions, small size, and size tunability, they promise to become 
effective nanoscale materials for high sensitivity in vivo single molecule imaging. The 
biocompatibility and nobility of gold and silver, combined with the exciting optical 
properties conferred on the nanoscale makes these strongly fluorescent and Raman- 
enhancing dots attractive new nanomaterials for studying individual biological 
systems and their dynamics on biologically relevant length scales within living cells. 

Summary. We have produced extremely small, highly emissive (both fluorescence 
and Raman) and very photostable, water-soluble Au and Ag nanodots consisting of only a 
few to a few tens of atoms encapsulated by biocompatible PAMAM dendrimers. The 
extremely advantageous optical properties have already yielded incredibly photostable and strongly absorbing and emitting species 
with size-dependent emission throughout the visible region. We have assembled an outstanding team of investigators with 
expertise in single molecule microscopies (Dickson), 1 " 5,28 ' 31,133- ' 38 dendrimer synthesis and characterization (Week), 'click' 
chemistry (Week and Bunz), cellular uptake, sensing, and whole cell imaging (Fahrni), 
fusion protein expression and nuclear targeting in eukaryotic cells (Doyle), and library 
screening, bacterial expression, and protein biochemistry (Tzeng) to create and 
characterize even more powerful labeling methods specifically for in vivo single nanodot 
Raman and fluorescence experiments. The synergistic overlap of expertise also provides 
outstanding opportunities for discussion and cross fertilization of ideas within this group. 
The specific, multicolored labels developed through this exploratory center will enable 
unprecedented optical and chemical sensitivity necessary to perform in vivo single molecule 
experiments on any protein of interest with greatly enhanced signals and experimental 
simplicity. New ultrahigh brightness probe developments of this type are crucial to the 
general applicability and utility of single molecule methods in unraveling the complexities 
of biological systems. 

D. Research Design and Methods. 

We propose a coherent set of experiments and goals to produce and characterize modular, robust, bright, biological labels that are 
simultaneously very small, biocompatible, suitable for specific in vitro and in vivo labeling and easily observed on the single molecule 
level. The brightness and ease of synthesis will yield a 'toolbox' of biological labels that will enable researchers to easily perform single 
molecule dynamics studies in living biological systems. While our fluorescent nanodots are already extremely bright, SM-Raman 
spectroscopy is unique in its potential to provide chemical information within living systems. Our observation that Ag and Au 
nanoclusters act as local Raman contrast agents with single molecule sensitivity offers future applications in true chemical sensing on 
the single molecule level within cells. The methods developed through the proposed studies will greatly extend the applicability of 
single molecule techniques to an ever-increasing range of biological applications. As a result, through creating the proper 
biocompatible scaffold enhousing the nanodots, we will develop the technology for understanding and utilizing these ultrabright noble 
metal nanodots as versatile, targeted, in vivo single molecule fluorescence and Raman biolabels in background-free spectral windows. 
Specific Aim I. Create modular single molecule fluorescence Raman nanodot probes. 

Rationale. Size-tunable noble metal nanoclusters are attractive candidates for making the smallest possible labels with oscillator 
strengths suitable for in vivo single molecule imaging. Our overall goal is to develop strongly emissive Au and Ag-containing PAMAM 
dendrimers as single molecule fluorescence and Raman labels that will penetrate membranes, bind specific proteins, and be targeted to 
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Figure 9. Blinking of Raman 
emission from PAMAM 



encapsulated Ag nanodot 
indicating single molecule 
Raman signals arising from the 
nanocluster-scaffold interaction. 
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specific regions within living eukaryotic cells. Through chemical derivatization to incorporate both specific biochemical recognition 
units and background-free vibrational modes into the dendrimeric scaffold, we will employ our sub-nm SM-Raman enhancing noble 
metal nanoclusters to create unique, 413 " 19 modular, tunable, ultrabright, targeted, and biologically specific labels for studying in vivo 
single protein dynamics. Thus, our first specific aim is to chemically derivatize both the inside and outside of the dendrimer scaffold to 
incorporate unique Raman active vibrations and create modularity in cellular targeting and protein labeling specificity, respectively. 
These two complementary paths will create modular PAMAM-encapsulated nanodots such that in subsequent Aims, any protein can be 
targeted through specific and direct labeling within the cytoplasm without the need of purification, external labeling, and re-introducing 
the labeled protein into the cell. Furthermore, this Aim will develop the modular single molecule labels and assay their single molecule 
optical properties and will introduce a general and modular attachment strategy. 
Experimental approach. 

LA. Dendrimer design and synthesis. The dendridic scaffold of choice must meet a variety of requirements including 1) 
biocompatibility, 2) ease of functionalization in the core and on the surface, and 3) incorporation of the nanocluster inside the 
dendrimer. PAMAM dendrimers fulfill the first and third requirements. 104 " 4139 " 144 Readily transported across cell membranes, the basic 
PAMAM dendrimers are commercially available and have been used extensively for gene and drug delivery as well as for nanoparticle 
encapsulation. 105114 I2614U43 145 " 164 Furthermore, PAMAM dendrimers show no significant cytotoxicity up to generation six.' 85 162 " 164 
Based on our demonstrated ability to produce strongly fluorescent and Raman active noble metal nanoclusters less than 1-nm in 
diameter within biocompatible PAMAM, we suggest that PAMAM dendrimers are the ideal scaffold for in vivo noble metal nanodot 
biolabeling. Therefore, we will concentrate our studies initially on P AMAM-based dendrimers. 
/. Basic dendrimer 
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single-functionalized dendrimer, b) combination of different 
functionalized dendrons, c) Random difunctionalization, d) use 
of multifunctionalized monomers, and e) combination of strategies 
bandd. 



design and multifunctionalization 
considerations. Dendrimers contain three topologically different 
regions: the core, the branches, and the surface. I63 "' 67 For our 
proposed studies, we require a) fluorescent nanocluster binding 
and unique Raman labels in the core and b) the possibility for 
specific multifunctionalization of the surface. In particular the 
latter requires the design of a dendrimer that can be 
functionalized with at least two different compounds in a well- 
defined and orthogonal fashion, i.e. without interference of one 
functional group during the functionalization of a second one. To 
develop such a dendrimer multifunctionalization strategy is 

nontrivial and a number of potential methodologies have been postulated and partially carried out (Figure 10). m ' 10 ' TheTirst strategy 
relies on dendrimer creation from differently surface-functionalized dendrons (Figure 10B) while the second strategy achieves random 
bifunctionalization of dendrimers by the stoichiometric control of reactants added to the dendrimer in either a step-wise or one-pot 
fashion (Figure 10C). The third strategy is based on the use of multifunctionalized monomers or building blocks (to be achieved 
through protection and deprotection steps) to gain access to multifunctionalized dendritic systems (Figure lOD). 164 168 " 172 Finally, it is 
also imaginable to combine the first and the third strategies to yield multifunctionalized dendrimers with very low percentage of one 
functionality (for example a dendrimer containing a single second functionality can be fabricated using a two-dendron dendrimer with a 
single functional group on one of the two dendrons). We propose to use all strategies in our studies and will evaluate each during the 
course of researching the most promising route(s). 

2. Incorporation of SM-Raman tags: dendrimer core d esign and synthesis. As described above, PAMAM-encapsulated Ag and 

Au nanoclusters are highly emissive and offer excitin g opportunities a s 
in vivo single molecule biolabels. 4,109 173 ' 181 They 
also produce strong, characteristic SM-Raman 
signals characteristic of the scaffold. As described in 
the preliminary results, to access nearly 
background-free spectral windows, functional 
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cores. 
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groups as Raman labels will be incorporated into the dendrimer core. 
While the single nanocluster fluorescence is already brighter than that 
from other labels, Raman offers four key advantages over fluorescence: 
1) extremely high emission rates due to even shorter lifetimes, 2) no 
photobleaching, 3) constant shift from the laser frequency even if 
exciting in the near 1R, and 4) narrow emission to greatly reduce noise 
by limiting the spectral bandwidth. A variety of functional groups 
including carbon-deuterium (C-D) and triple bonds (CsN, CsC, OO) 
have vibrational frequencies outside the fingerprint and hydrogen 
stretching regions in the nearly background-free 1900-2300 cm' 1 
spectral region. If the proper excitation wavelength is chosen and 
especially if time-gated detection is used, SM-Raman offers nearly 
background -free imaging even in biological media. For ease of synthesis, we will focus initially on carbon-carbon triple bonds and 
deuterium labeled dendritic cores. Figure 1 1 outlines the proposed dendrimer cores. 
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Cores 1 and 2 contain deuterium instead of hydrogen on key carbons and are based on the original PAMAM core. Both cores are 
either commercially available (Core 1) or can be synthesized using standard PAMAM creation conditions: exhaustive Michael addition 
of amino groups with methyl acrylate followed by amidation of the resulting ester with ethylenediamine (Core 2). 104 167 182 It is 
important to note that this strategy allows us to place a deuterium label in any dendrimer generation we desire by using ethylene-d,- 
diamine instead of ethylenediamine. Therefore, we propose to synthesize a library of PAMAM dendrimers of 
generation 1-5 via the divergent dendrimer synthesis approach with deuterium labels in each generation. This 
library will allow us to study and determine the optimal location and concentration of the Raman label in the 
dendrimer through single molecule Raman and fluorescence microscopy. 

Cores 3-6 contain one or more carbon-carbon triple bond. These compounds are either commercially 
available (Core 3) or can be synthesized in one or two steps using standard palladium coupling chemistry 
(Cores 4-6). These cores are designed to a) increase systematically the amount (and ultimately the concentration) of the carbon-carbon 
triple bonds in the core to determine the optimal C=C triple bond concentration and b) to study the effect of the number of dendrons 
(for example, Core 3 has one acetylene unit and two alcohols which allow for two dendron-functionalization. In contrast, Core 4 has 
also only one acetylene unit but four alcohols) on the proposed application. It is important to note that these cores can be used for either 
convergent (pre-synthesized dendrons assembled with the core molecule in the last step) or divergent (starting from the dendrimer core 
and building the dendrimer outwards) PAMAM syntheses. 167 

3. Dendron and basic dendrimer design and synthesis. PAMAM dendrimers can be synthesized easily via convergent or 
divergent methodologies and with amine, alcohol, ester, or acid functionalities on the sur f ace . IO4105 . |42 l62 - |64 . ,67 ,7| . |72 l82 - 1M j n particular 
the convergent approach allows for the synthesis of multifunctionalized dendrimers using different dendrons. The most common 
PAMAM synthesis follows the divergent synthetic strategy outlined above in the core section by exhaustive Michael addition of amino 
groups with methyl acrylate followed by amidation of the resulting ester with ethylenediamine and extensive HPLC 
purification. 104 167 182 Using Cores 1 and 2, we will use this approach to synthesize dendrimers of generations 1-5. Due to the nature of 
the divergent methodology, these dendrimers will contain only amine functionalities on the surface, i.e. they are monofunctionalized, 
and will be functionalized as outlined in Figure 10, strategy C (Dendrimers 1). Furthermore, using literature procedures, we will 
synthesize a variety of dendrons based on the Michael-addition/amidation approach (Dendrons 1) for use in the convergent dendrimer 
methodology. Based on a recent report by Newkome and coworkers, we propose to synthesize bifunctionalized dendrons using the 
l->2+l C-branching monomer (MFCBU l).' 71 Newkome demonstrated the synthesis of monofunctionalized second-generation 
PAMAM-analog dendrons with a single second functional group on the surface, i.e. all but one functional groups on the surface were 
either esters or acids resulting in a bifunctionalized dendrimer with a SINGLE second functionality on the surface. The lone surface 
alcohol group allows for subsequent specific mono-functional attachment of a single moiety onto the dendrimer surface. Using 
complementary chemistry and MFCBU 1 we will synthesize dendrons of generation 1-5 with well-defined multifunctional surfaces 
(Dendrons 2). We will also synthesize the non-MFCBU 1 containing complementary generations 1-5 dendrons, i.e. dendrons with a 
purely acid or ester containing surface (Dendrons 3). Furthermore, in analogy to the methodology described by Newkome, MFCBU 2 
containing two alcohol groups and a single ester or acid group will be designed and synthesized using standard chemistry. Using 
protection and deprotection steps, generation 1-5 dendrons with variable concentrations of MFCBU 2 will be synthesized (Dendrons 4) 
resulting in dendrons with mainly alcohol functionalities and one or more (based on the design and synthesis) acid functionality. 
Furthermore, the non-MFCBU 2, i.e. non-acid containing dendron-analogs to Dendrons 4 will be synthesized yielding Dendrons 5. 
These five different dendrons will give us a) a tool box of dendrons with different surface functionalities and different degrees of 
surface multifunctionalization and b) the opportunity to design and synthesize dendrimers with well-defined functional groups, thereby 
allowing a modular approach toward dendrimer synthesis. 

The composite dendrimers with Raman tags and pre-programmed surface functionalities will be synthesized using standard 
chemistry by reacting the dendrons with the dendrimer cores outlined above. It is important to note that in some cases an alkyl spacer 
with a terminal acid functionality will be introduced onto the core molecules thereby changing the functional group from an alcohol to 

an acid allowing for standardized amide formations between the cores and the 
terminal amines of the first generation of the dendrons. As outlined above, the 
proposed core molecules will give us the opportunity to vary the number of 
dendrons per dendrimer from two to six and ultimately control the extent of 
multifunctionalization on the surface of the desired and designed dendrimer. Again, 
through variations of the different dendrons used, we will be able to design and synthesize dendrimers that are mostly amine, alcohol, 
or acid functionalized, each containing a controlled number (one or more) of acid or alcohol functionalities. Furthermore, through 
dendron variations, we can synthesize dendrimers with a mixture of alcohols and acids each functionality class located on a single side 
of the globular dendrimer. For example, a 50% alcohol and 50% acid dendrimer could be a two-dendron dendrimer based on one 
dendron from Dendron 5 and one from Dendron 3 or a 33% alcohol and 67% acid dendrimer would be based on a three-dendron 
dendrimer based on one dendron from Dendron 5 and two from Dendrons 3. In summary, this modular dendron/core convergent 
synthesis approach will allow for the controlled multifunctionalization of dendrimer surfaces while simultaneously incorporating 
Raman tags as acetylene or C-D bonds at controlled locations throughout the core and branches. 

4. Incorporation of modularity in biospecificity: Dendrimer surface fu nationalization. To incorporate biospecific recognition 
units AND Raman labels AND/OR peptide sequences for peptide mediated protein delivery into cells (Aim II), orthogonal 
multifunctionalization schemes need to be developed. To minimize different surface chemistries, a modular surface functionalization 
scheme is desirable. The requirements for such a functionalization scheme are that the chemical transformations are fast and 
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quantitative, can be carried out under mild reaction conditions, can be generalized to a wide variety of potential functional groups, and 
are orthogonal to each other. In most cases, PAMAM dendrimers have been functional ized using amide or ester formations or through 
thiourea ii nkag es. ,0, - ,05 - ,4, - ,42 - ,62 - ,64 - ,67 - ,7, - 172 - 1M Unfortunately, these 
transformations are NOT orthogonal to each other. We propose to 
introduce and use 1,3-dipolar cyclo-additions or 'click' chemistry as the 
second orthogonal transformation to multifunctionalize dendrimer 
surfaces. 185 ' 188 'Click' chemistry has been used in polymer systems but 
no example of 'click' chemistry in dendrimers has been reported. 
Furthermore, 'click' chemistry between an azide and an acteylene unit (it 
can be viewed as a 1-3 dipolar cycloaddition as outlined in Figure 12), 
is known to proceed quantitatively in water under very mild reaction 
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Figure 13. Proposed azide formation on dendrimers. 



conditions, and is tolerant to a wide variety of functional groups including amines, acids, and alcohols. 185 " 188 The only functional groups 
intolerant with 'click' chemistry are triple bonds and phosphines. The dendrimers are designed to NOT contain any phophines and no 
triple bonds on the surface of the dendrimers. It is important to note that the acteylene units in the core of the dendrimers are 
inaccessable to functionalized dendrimer surfaces due to the globular shape of the dendrimers and steric repulsions. Therefore, 'click' 
chemistry is orthogonal to all functionalization on the dendrimer surface and is the second chemical transformation of choice. 

Azides are one of the two essential parts of 'click' chemistry and are stable to functional groups and most reaction conditions. 185 
Azides, therefore, are the functional groups of choice for the 'click' chemistry on the dendrimer surface. As described above, we are 
able to create dendrimers with a wide variety and controllable density of surface functional groups. We propose to use the terminal 
alcohol moieties of the dendrimer surface to be the 'click' chemistry anchoring unit. Transformation of the alcohols into azides will be 
carried out in a three-step synthetic sequence as outlined in Figure 13. The resulting dendrimers will have either protected amine or acid 
functionalities and a well-defined number of azide groups on the surface. After deprotection, the dendrimers can be bifunctionalized in 
an orthogonal fashion by using 'click' chemistry to attach one functional group onto the dendrimer and using standard ester or amide 
formation protocols or thiurea linkages for the second functionalization giving us the unique possibility to bifunctionalize dendrimers 
for biological applications in a predesigned and well-controlled manner. 101105141 142 1 62 164 1 " 17 ' 172 183 185 It is important to note that this 
methodology could also allow for triple surface functionalization by first using 'click' chemistry followed by a difunctionalization of the 
remaining surface functionalities using the stoichiometric difunctionalization strategy outlined in Figure 10B. While Dr. Week is an 
expert in supramolecular chemistry and will direct all dendrimer synthesis, we are fortunate to have Dr. Bunz as a consultant. An expert 
in 'click' chemistry, Dr. Bunz has already made a 'clickable' biotin in gram quantities for binding to avidin fusion proteins (Aim II). 

For our initial studies, we will synthesize dendrimers using a) ethylene-c#-diamine as the core followed by standard divergent 
dendrimer synthesis to yield the final amine functionalized dendrimer and b) Core 4 which will be functionalized with four dendrons 
(three dendrons containing ONLY surface acid functionalities and one dendron which is based on MFCBU 1) using the convergent 
dendrimer approach to give a bifunctionalized dendrimer that contains only one terminal alcohol moiety. These two dendrimers will 
allow us to study the monofunctionalization strategy as well as acetylenes and C-D Raman labels. At a later stage of the project, we 
will target the synthesis of dendrimers containing all proposed cores and dendrons. 

I.B. Correlation among nanocluster size and Raman vs. fluorescence excitation spectra. Based on our preliminary results on 
nanodot fabrication, we will employ the diverse PAMAM-based materials to further optimize conditions to produce nearly pure, highly 
fluorescent nanodot solutions of desired excitation and emission colors. For a given dendrimer, this optimization will be performed 
systematically in 96-well microtiter plates. For example, dendrimer and metal ion concentrations will by changed along each axis to 
assay differences in nanodot creation and fluorescence or Raman stabilization. Each well within the microtiter plates will be directly 
read with the fluorescent plate reader available at Georgia Tech to generate excitation and emission spectra for all sets of creation 
conditions. This spectroscopic information will be correlated with ESI mass spectrometric investigations of nanocluster size. Together 
these studies will fully characterize nanodot samples and the size and scaffold dependence of their emission. Identical studies will be 
performed on each modular dendrimer type synthesized. Optical properties on both the bulk and single molecule level will be 
characterized to determine optimal fluorescence excitation and Raman excitation wavelengths. Furthermore, the excitation strengths 
and quantum yields can be determined from these solutions. Additionally, as SM-Raman is strongly correlated with strong nanocluster 
fluorescence, small aliquots from optimized fluorescent nanodot creation conditions will be diluted to measure the absorption cross- 
sections, emission rates and Raman peak frequencies and relative strengths on the single molecule level. Measuring optical properties 
for statistically significant properties of single molecules obviates the need to know bulk concentrations. Such experiments are 
routinely done in the Dickson lab through either confocal or total internal reflection laser excitation through a 1 .4 NA lOOx microscope 
objective. Either single element fiber coupled APD or MCP-PMT photodetectors are used to detect emission or one of several high 
sensitivity CCD cameras are used to image a large field of view. Typically for spectroscopy, an image is taken through the 
monochrometer attached to the side port of one of our Olympus 1X70 inverted microscopes. In imaging mode, a mirror is used in place 
of a grating. Then the monochrometer slits are inserted and grating rotated into place, thereby producing spectra of the single 
molecules/nanoclusters previously observed to be between the slits in the initial image. This instrument simultaneously gives wide-field 
fast imaging capability, blinking and lifetime measurements and complete spectral characterization of SM-Raman and fluorescence of 
several features at once. All such detailed single molecule characterizations will be performed on nanodots optimized via the creation 
methods above. 

SM-Raman studies. Because the Raman enhancement is a local effect, controlled Raman tag placement within the dendrimer will 
identify the position of the nanocluster within each dendrimer based on the specific vibrational transitions it enhances. By studying the 
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Raman signal of C-D bonds (-2050 cm' 1 ) placed in different shells according to the synthetic procedure above, we can understand the 
position of the nanocluster within the dendrimer core and how to further improve the optical signal. Optimization of the Raman signals 
should then enable more vibrational modes to be incorporated, thereby creating even stronger emissive labels. As Raman is an 
instantaneous inelastic scattering process, it has an extremely fast lifetime component (<100 fs) and is therefore very strong and narrow 
compared with fluorescence. Using time correlated single photon counting (tcspc) to determine relative contributions from fluorescence 
and Raman at each wavelength, we will directly determine the optimal excitation wavelengths for each color of Ag and Au 
nanoclusters to optimize the unique Raman signals. Furthermore, by using available equipment in the Dickson lab, lifetime 
measurements down to 10 ps both in bulk and on single nanodots are possible and routinely performed. The extremely fast lifetime 
provides yet another important sensitivity enhancement opportunity. By gating the detection to only collect the strongly emitting fast 
component (with our photon counting apparatus, and for entire fields of view with a LaVision gated CCD with 200ps time resolution to 
be purchased with cost sharing as part of our center for optical microscopy), we can complete discriminate against typical nsec lifetime 
background fluorescence to isolate the nanocluster fast fluorescence (Ag) and Raman components, or for Au, just the instantaneous 
Raman component. This time discrimination will greatly enhance the sensitivity and enable in vivo single molecule imaging with our 
unique nanodots. Together with the previously measured fluorescence quantum yields, we can truly optimize the excitation 
wavelengths to preferentially produce the Raman and fluorescence signals of interest. 

Fluorescence stability. Largely unaffected by environmental interactions, the dendrimer-stabilized emission will be further 
explored to yield quantitatively similar emission for a given nanodot in a wide variety of different environs. Such environmental 
insensitivity is in stark contrast to that of II-VI (e.g. CdSe) quantum dots in which surface passivation is crucial to overall 
photophysical properties due to the presence of trap states on the surface. 10 11,52 189 " 191 The dendrimer-encapsulated nanodots appear to 
circumvent such difficulties by having the chromophore ensconced within the water-soluble dendrimer core. We will directly probe the 
blinking (fluorescence intermittency) as a function of ionic strength and pH. Commonly used buffers such as phosphate buffers and 
sodium acetate/acetic acid will be used to simultaneously control pH while adjusting ionic strength. Although we have seen minimal 
photobleaching from Ag nanodots, even after hours of continuous emission and >10" photons emitted from most individual nanodots, 
we will assay the photobleaching quantum yields and characterize nanodot blinking dynamics under a wide range of conditions. In 
addition to blinking and total emission intensity, the fluorescence lifetime and spectra will also be measured to assay whether any 
changes occur due to environmental interactions. This is all conveniently done with time-tagged photon-by-photon 192,193 analysis 
possible with our tcspc setup. Both bulk and single molecule experiments will be performed to decipher if any change in photophysical 
dynamics results from altered blinking dynamics or an average overall reduction in fluorescence efficiency. 
Specific Aim II. Build and assay biological specificity. 

Rationale: Targeted delivery of molecules into live cells is the focal point of current research in drug delivery and gene therapy. 
The hydrophobic character of the plasma membrane effectively seals the cytoplasm from the extracellular milieu. Only moderately 
hydrophobic compounds of low molecular weight undergo rapid passive diffusion across the cellular membrane. An increasing number 
of methods are being developed to enhance uptake of poorly permeable molecules. 194 " 203 The perhaps most successful methods are 
based on conjugates of short peptide sequences, which were adapted from viral proteins. 204 Another approach aims to harness the 
polyamine transporter PAT, 2 a cell surface protein which is responsible for the uptake of polyamines required for cell growth. 
Recently a synthetic receptor targeting strategy has been developed, which was originally inspired by the clathrin-mediated endocytosis 
of cholera toxin. 206 " 209 The dendrimer framework provides an extremely versatile platform to design poly-functionalized nanodots. 
Chemicals tags, which are designed to enhance cellular uptake can be readily combined with a variety of peptide sequences to 
specifically target subcellular locations or organelles. The overall goal, efficient cellular uptake and target-specific labeling of proteins 
with dendrimer nanodot conjugates, will be approached sequentially, largely in the Fahmi lab. First, we will study the uptake efficiency 
as a function of various chemical tags grafted onto the dendrimer surface. Second, we will synthesize Afunctional dendrimer 
conjugates, which combine the most efficient modifiers with a small ligand for fusion protein labeling. The dendrimer framework will 
be functionalized with the cellular uptake modifier and combined with either biotin or 0 6 -benzylguanidine (BG) as the fusion protein 
ligand. 

Experimental Approach 

U.A. Target-specific functionalization of dendrimer-encapsulated nanodotsTwo basic classes of side-chains are proposed for 
dendrimer functionalization: a) synthetic membrane transporting molecules and b) biorecognition motifs for specific binding to the 
protein of interest. As outlined above, for efficient synthesis, screening, and in vivo evaluation of the dendrimer derivatives, the side- 
chains will be attached through general 'click' coupling chemistry. Bifunctionalization of dendrimers with both membrane transporting 
and biorecognition motifs will be attached through orthogonal peptide- and click-coupling protocols, respectively. 

/. Polyamine functionalization. At physiological pH PAMAM dendrimers are compact polycationic polymers, that effectively 
enhance the delivery of plasmid DNAs or oligonucleotides in live cell cultures." 4,149,154 Similarly, conjugates of drugs or DNA with 
polyamines such as sperimidine exhibit significantly enhanced uptake rates compared to their unconjugated analogues. 210,211 In both 
cases, the uptake is thought to be mediated by the polyamine transporter (PAT); however, the actual mechanism is poorly understood. 
The PAT system might be also responsive towards uptake of unfunctionalized PAMAM encapsulated nanodots, which form at neutral 
pH similar polycationic species. Many studies have demonstrated the uptake of PAMAM dendrimers and its utility in drug delivery. 
The number of protonated amino groups increases exponentially with the generation size of the dendrimer, and is thus, an important 
variable in probing uptake efficiency. In addition, structure-activity studies of polyamine-uptake via the PAT system revealed that the 
spacing between the positively charged amino-groups is critical to their activity. Key-parameters to be optimized include therefore, the 
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spacer-lengths (n, m) in PA nm as well as the number of polyamine-side terminators attached to the dendrimer. Using the already 
published activity relationships as guideline, 210,2 " we will focus primarily on the most effective polyamine modifiers. 

Cell culture experiments. The uptake efficiency of nanodots will be measured at various incubation times with near-IR fluorescing 
Au 23 nanodots, with cell suspensions being analyzed by flow cytometry and normalized against propidium iodide as an internal 
standard. 212 The technique will be used also to determine the uptake kinetics and its dependence on the probe concentration. To gauge 
organism- and tissue-specific influences on the translocation efficiency, we will perform the uptake experiments with several different 
mammalian cell lines, including human HeLa and HepG2 cells, 3T3 mouse fibroblast cells, and CHO cells. Cytotoxicity will be 
evaluated by estimating the cell viability by dye uptake. 213 Viable cells take up diacetyl fluorescein and hydrolyze it to fluorescein, 
which is cell impermeable and in a completely different spectral region from our Au 23 nanodots. The p opulation of viable cells can be 
measured via flow cytometry using again propidium iodide as internal standard. 

Synthetic Strategies. Polyamine functional ized dendrimers will be synthesized via 'click' 
chemistry from the corresponding azide-terminated dendrimers using various alkyne-functionalzied 
polyamines PA nro . As pointed out above, this coupling method tolerates a wide range of functional groups and does not require 
protection of the primary or secondary amino groups. The precursors PA nm will be synthesized via reductive amination of the co-alkynyl 
aldehyde as described for similar polyamine derivatives. 2 ' 4 The modular approach will allow us to synthesize and screen a wide range 
of polyamine-decorated dendrimers and therefore will guarantee rapid progress in evaluating the efficiency of this uptake strategy. 

2. Functionalization with arginine-rich peptides. Several classes of water-soluble peptides have been identified that facilitate 
uptake across the plasma membrane of live cells and tissues. 204 For example, the peptide sequences found in HI V-tat, adenoviral RME, 
or in Antennapedia exhibit high translocation efficiencies. I98-2I5 ' 2,S The respective sequences of all three peptides consist of several 
basic residues forming a polycation at physiological pH. The portion of the Tat-peptide, which is critical for translocation across the 
membrane (RKKRRQRRR) contains six arginines and two lysines. Similarly, Atennapedia Antp-(43-58) is composed of three 
arginines and four lysines. 201,202,219 " 221 Inspired by the polycationic nature of these sequences, Wender and coworkers found that simple 
guanidinium-based oligomers are also efficient molecular transporters and exhibit often superior translocation activities compared to 
viral peptide sequences. 222223 Internalization of these peptides proceeds typically within minutes even at 4°C, 224,225 and is not 
suppressed by endocytosis inhibitors, 226 thus clearly excluding the endocytosis pathway as the uptake mechanism. This observation is 
particularly important for in vivo labeling, because endocytosed nanodot conjugates would be caged inside vesicles unless they carry 
specific signaling tags to escape the endosomal/lysosomal pathway. Hence, we hypothesize that polyarigine-functionalization of the 
dendrimer-nanodot-conjugates may further increase the uptake efficiency compared to polyamine-mediated translocation. Again, 
uptake efficiency will be measured via flow cytometry using highly fluorescent Au nanodot solutions. 

Alternate Approaches. The dendrimer surface functionalization is pivotal to increase the uptake efficiency; however, upon 
internalization the modifiers are not further required and could potentially give rise to undesired non-specific interactions. Using a 
hydrolyzable ester for the conjugation of the nanodot to the arginine-based transporters, release of the unconjugated label could be 
effectively controlled in a pH-dependent fashion. 227 Kirschberg et al. recently demonstrated that cellular uptake and subsequent release 
of taxol can be effectively controlled by pH-dependent cleavage of the ester linker with an amino-group attached in close proximity. 228 
If necessary, this attractive strategy can be readily adapted to our system by converting the alcohol-terminated dendrimer to the 
corresponding chloroacetyl derivative followed by substitution with polyarginine modified with an N-terminal cystein residue (Scheme 

1). The nucleophilicity of the proximal amino-group (bold) towards ester-cleavage 
can be readily adjusted and provides an effective way to tune the half-life of the 
conjugates from 1 to over 200 minutes (PBS, pH 7.4, 37°C). 228 The core-facility of the 
Petit Institute for Bioengineering and Bioscience at Georgia Tech houses a state-of- 
the-art solid-phase peptide synthesizer, which will allow us to synthesize the required 
peptide precursors in large quantities. 

II. B. Bifunctionalized dendrimer-encapsulated nanodots for in vivo protein 
labeling. By far the most successful strategy to study localization, interactions, and 
activities of proteins in vitro and in vivo is based on fusion proteins. In this approach 
the protein of interest is genetically engineered with a unique sequence (peptide or 
protein) at either the N or C terminus. Using an autofluorescent tag, such as the green 
fluorescent protein (GFP), high concentrations of the fusion protein can be observed 
in live cells without further fixation or labeling procedures. 2 Although this approach is currently the most powerful technique for in 
vivo studies, there are inherent limitations in single molecule applications. 
However, the fusion protein technique is principally suitable to label 
proteins with a non-biological fluorescent tag with improved photophysical 
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properties. In this strategy the tag-sequence binds either reversibly or 
through covalent bond modification to the small fluorescent molecule. 
Using avidin as the genetically encoded tag, the dendrimer-nanodot 
conjugate will be attached to the fusion protein via a biotin linker. The 
modular structure of the proposed dendrimers is well suited to design 
bifunctional conjugates, which combine peripheral functional groups for 
optimized cellular uptake with a single ligand for fusion protein binding. 
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Scheme 2. Covalent capture strategy. 
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Expression of avidin or streptavidin fusion proteins in the cytosol can be toxic to the cell at very high expression levels, and the 
biotinylated nanodot conjugate has to compete with the endogenous cofactor for binding, thus potentially limiting the scope of the 
proposed approach. We will therefore also explore a complementary strategy recently developed by Johnsson et al. based on tag- 
mediated covalent bond formation between the fusion protein and its ligand. 231 ' 233 This approach utilizes the reaction of the human 
DNA repair protein 0 6 -alkylguanine-DNA alkyltransferase (hAGT, 207 residues) with 0 6 -benzylguanine (BG) derivatives (Scheme 2). 
The normal function of hAGT is to repair 0 6 -alkylated guanine in DNA by transferring the alkyl group to a reactive cystein residue. 
The reaction of an hAGT fusion protein with BG derivatives leads therefore to covalent labeling via a stable thioether linkage. This 
approach does not depend on the nature of the label and should be also suitable for covalent attachment of nanodot conjugates. The 
reaction kinetics of the natural protein has been recently optimized via directed evolution providing versatile tools for efficient in vivo 
and in vitro labeling of hAGT fusion proteins. 233 The BG ligand will be conjugated to the dendrimer framework via a 'click' linker. At 
present, the irreversibility of the attachment chemistry combined with low toxicity of the labeling-ligand render this approach most 
attractive. However, the engineered hAGT tag will also compete with the endogeneous substrate, thus reducing either the labeling 
efficiency or requiring the use of hAGT deficient cell lines. 

Synthetic Strategies. The alkyne-modified biotin Bl required for coupling with the azide-terminated dendrimer is readily obtained 
via DCC-promoted amide-coupling of (D)-biotin with commercially available propar gylamine. The alkyne-functionalized O 6 - 
benzylguanine derivative B2 is synthesized from />-aminomethyl-benzylguanine as 
described for similar conjugates. 23 The corresponding carboxylic acid precursor is 
obtained via reaction of glutaric anhydride with propoargylamine (Scheme 3). 

Confirmation of labeling efficiency and probe brightness upon conjugation. 
Nanodots will be formed both prior to and after 'click' chemical functionalization. While 
'click' chemistry is very tolerant of other chemical groups, we will likely first modify the 
PAMAM surface and subsequently determine optimal chemical conditions for producing 
each nanodot color with different functionalities. Using our single molecule and bulk 
methods, we will characterize nanodot brightness, fluorescence lifetimes, quantum yields, 
blinking dynamics and any shifts in Raman transitions upon attaching additional 
functionality to the PAMAM surface. Together, these will confirm that the nanodot 
optical properties are independent of attachment and suitable for further 
biofunctional ization. 

Alternative Approach. An alternative method for dendrimer-nanocluster translocation across the cytoplasmic membrane is the 
"Pro-Ject Protein transfection reagent" available from Pierce. The Pro-Ject reagent, a cationic lipid formulation, has been shown to 
deliver biologically active proteins such as GFP and P-galactosidase, peptides, antibodies, or dextran sulfate into living cells 234 " 236 . At 
least twelve different cell lines have been tested successfully. This delivery system will be tested with biotin- or BG- mono- 
functionalized dendrimer derivatives to assay whether the nanoclusters are efficiently transported into cells in an analogous manner. 
Specific Aim HI. Intracellular single molecule labeling, specificities and protein dynamics. 

Rationale: Specific Aims 1 and 2 outline the synthetic methodology for creation and target-specific funtionalization of the 
modular nanodot conjugates. In Specific Aim III, we will further refine and expand the conjugation schemes to create much smaller 
biorecognition motifs for in vivo labeling using monofunctionalized nanodots prepared in 
Aim II to minimize steric perturbations imposed by the genetically encoded tag. We will 
subsequently test and evaluate the various labeling strategies on purified proteins in vitro 
and identify potential changes in the photophysical and biochemical properties of the 
resulting nanodot-protein hybrids. Finally, to study the suitability of the developed 
dendrimer-nanodot conjugates as in vivo labels in imaging protein dynamics and 
trafficking in live cells, we will label, gate, and monitor the differential subcellular 
localization of the human progesterone receptor in mammalian cells. 237 The diversity in 
biological specificity of these conjugation methods should enable generalized genetically 
encoded multicolor labeling of proteins of interest, thus greatly streamlining the in vivo 
imaging process and yielding single molecule sensitivity. Thus, through this Aim, we 
will develop novel methods for directly observing nanodot-protein conjugates on the 
single molecule level, utilize the strong fluorescence and lamp-based screening methods 
to identify specific peptides within bacteria-based libraries for strong nanodot 
fluorescence. This Specific Aim will therefore not only focus on the evaluation of the 
developed label in a biological environment, but push for new strategies to create 
genetically encoded domains that "capture" and directly image the ultrabright, membrane 
permeable single molecule probes, even in the presence of strong autofluorescence. 
Experimental approach. 

III.A. Identify specific, physically small, genetically encoded, protein-nanodot conjugation schemes. To further reduce the size of 
the in vivo label, we will employ a solution based screening strategy that combines an E. coli based peptide library 238,239 (FliTrx random 
peptide display library, lnvitrogen) with fluorescence-activated cell sorting (FACS) to identify short peptide sequences with strong 
binding specificity to the nanodot target. Peptides that bind the target nanodots will be incorporated into proteins to bind the label in 




Figure 14. E. co//-based FliTrx peptide 
disDlav method. 



vivo. For example, we will screen libraries for binding to the Trojan peptide, a 16-amino acid a helix that mediates membrane 
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transport. This peptide will be used (Aim II) as one of the membrane transport methods for monofunctionalized nanodots and provides 
an excellent biorecognition motif, even when attached to the PAMAM dendrimer. In this approach the peptide modifier serves a dual 
function, being responsible for cellular uptake and binding to the genetically encoded tag. Identification of such binding peptides, much 
smaller than avidin and hAGT, will greatly enhance the utility of our dendrimer nonodots as versatile in vivo labels. 

The FliTrx peptide library displays peptides on the surface of E. coli using the major bacterial flagellar protein (FliC) modified to 
contain a thioredoxin (TrxA) with random dodecapeptide insertions in its active site loop (Figure 14). 2 ' 241 The random dodecapeptides 
are constrained by a disulfide bond formed within TrxA. 241 After tryptophan induction to ensure simultaneous display of all peptide 
fusions, the flagellin fusion protein is exported and assembled into flagella on the bacterial cell surface, displaying the constrained 
peptide (Figure 14). Libraries of random dodecapeptides displayed on the bacterial surfaces will be evaluated for binding to chemically 
modified nanodots. The population of bacteria will be sorted according to the fluorescence properties with flow cytometry to collect 
those bacteria generating the strongest fluorescence (Figure 15). 

We will initially use a commercial display library (Invitrogen) that contains a diversity of 1.8xl0 8 to identify peptide sequences 
that interact specifically with peptide-conjugated nanodots. Flow cytometry directly correlates cell/particle size with fluorescence that 
specifies the bacterial population for sorting using FACS. The collected bacteria will be plated out to isolate single colonies and the 
binding peptide sequence determined. The consensus peptide sequence will be expressed as an N-terminal fusion protein with the 

;nt of the commercial library screening not revealing any nanodot 
binding sequences, we will generate the flagellin display libraries 
with different peptide lengths using the pFHTrx vector and 
oligonucleotides ranging from 27 bp to 90 bp cloned into the 
pFHTrx vector. The plasmids isolated from the collection of 
clones will then be transformed and screened as described above. 

Potential difficulties and alternative approaches. We have 
found that both Ag and Au nanodots are very stable and retain 
their very bright fluorescence at physiological NaCl 
concentrations. Because flow cytometry can select cells based on 
scatter and fluorescence, the very small dendrimers will be 
undetectable in both channels. Only the cells are sufficiently large 
to scatter enough light to initiate collection, thereby avoiding false 
positives due to dendrimer-encapsulated nanodot fluorescence. 
Additionally, each bacterium within the FliTrx library has 
thousands of peptide copies, thus providing the potential for much 
stronger fluorescence signals. Only cells with strong fluorescence 
and scattered light will be collected, and characterized. 

III.B. Test and optimize the suitability of these modified 
dendrimer nanodot conjugates for single molecule in vivo imaging of protein dynamics and trafficking. While even scrupulously 
prepared eukaryotic cells exhibit a great deal of autofluorescence, most "pure" solutions are too strongly fluorescent for practical single 
molecule imaging. Consequently, it is likely that a significant portion of the fluorescent background begins with the culture media. We 
will assay growth media and plates from many different companies for low level fluorescence to minimize the background fluorescence 
in single molecule imaging. After choosing the lowest background materials, we will photobleach all remaining fluorescent impurities 
with Hg-lamp illumination. Growth of cells in these photobleached media will be examined to ensure normal growth behavior. The 
optimal compromise in reducing background and cell viability will be reached to have cell cultures suitable for testing the toolbox 
components in the proposed in vivo single molecule studies. 

1. In vitro studies. Prior to in vivo studies, all avidin and hAGT fusion proteins will be overexpressed, purified, and labeled with 
biotin- and BG- derivatized dendrimer nanodots, respectively, in vitro to characterize their biochemical and photophysical properties. 
The commercially available "Echo cloning system" (Invitrogen) will be adapted to enable cloning of genes into multiple expression 
systems for analysis. The Echo cloning system is a two-vector system that utilizes the Cre-lox site-specific recombination system of 
bacteriophage PI for rapid, directional cloning from a single donor vector into multiple expression vectors. 242 Plasmids encoding 
avidin, human progesterone receptor and hAGT will be generous gifts of Dr. M. Kulomaa (University of Jyvaskyla, Finland 243 ), Dr. 
O'Malley (Baylor School of Medicine), and Dr. Johnsson (Switzerland), respectively. The avidin-KDEL will be made by PCR 
amplification with primer carrying the tetrapeptide coding sequence, while the avidin-(GGS) 4 -PR, and the hAGT-(GGS) 4 -PR constructs 
will be generated through overlapping extension PCR. For example, overlapping primers containing the linker sequence as well as 3'- 
avidin and 5'-PR coding sequences at the appropriate ends will be synthesized and used in the two-step PCR procedures to yield the 
avidin-(GGS) 4 -PR fusion. This fusion construct will be cloned into the donor vector, pUni/V5-His-TOPO through the TOPO cloning 
method, and then recombined with acceptor vectors suitable for bacterial, insect, or mammalian expression 2 3 " 246 . The donor and 
acceptor vectors are incubated with Cre recombinase to generate a fusion of the two vectors to form a single functional expression 
vector and place the gene of interest downstream from the promoter and regulatory sequences of the acceptor vector. This versatile 
method will allow us to test various expression systems and identify the best system for producing sufficient recombinant fusion 
proteins for in vitro studies as well as generating the mammalian expression construct for in vivo studies. 

Characterization of fusion protein-nanodot conjugates. After the fusion proteins are in hand, we will first determine whether the 
between the avidin fusions and the biotin-dendrimer nanodots is similar to that reported for biotin-avidin interaction. A decrease in 
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Kd would suggest unfavorable interaction caused by the label that is readily ameliorated by changing the linker. The molar ratio for 
highest avidin-biotin complex and hAGT-BG adduct formation will also be defined under various pH, ionic strength, and cell lysate 
conditions. This information will be valuable in optimizing the in vivo studies. For all fusion proteins, the binding affinities will be 
measured by a combination of classical thermodynamic and kinetic methods as well as by fluorescence correlation spectroscopy. From 
three-dimensional orientation measurements of individual dye molecules, 31 133-137 we know the exact form of the microscope point 
spread function. Consequently, we can directly measure photons emitted from labeled and unlabeled molecules as they diffuse through 
the tight laser focus. The average residence time in the laser spot is a direct measure of the diffusion constant and therefore molecular 
mass. 247 " 252 This method will easily distinguish between conjugated and unconjugated nanodots and directly give the relative 
concentrations in solution. While the binding used for conjugation is extremely strong (in hAGT-BG a covalent bond is formed, while 
in biotin-avidin the K d of the non-covalent interaction is -lxlO" 15 M), it is expected that if the proper nanodot concentrations are used, 
essentially no unconjugated label will exist in solution. Relative total emission intensities will be determined to assure that conjugation 
with the protein does not diminish overall nanodot emission intensity. Additionally, using the very narrow and 
chemically/environmentally sensitive nanodot Raman spectrum, we may be able to see slight spectral shifts compared with free 
nanodots. Once nanocluster location within the dendrimer is known and Raman tags are placed in the appropriate places (Aim I), such a 
shift in vibrational frequency upon binding may be observable to clearly discriminate between bound and unbound nanodots. Although 
likely a small effect, especially for the ligand binding to the protein, deuterated biotin will also be 'clicked' onto the PAMAM scaffold 
to attempt measuring the Raman spectrum of the biotin tag. 

2. In vivo studies. To test the biotin-linked dendrimer nanodot labels in vivo, two classes of fusion proteins will be constructed and 
examined in mammalian cells. First, as described in a study that examined interaction of fluorescein-biotin labels with avidin in vivo, 252 
avidin will be simply appended with a C-terminal tetrapeptide, KDEL, a motif that directs proteins to the lumen of the endoplasmatic 
reticulum (ER). Cells transiently transfected with this avidin construct will then be incubated with bis-functionalized nanodots that are 
conjugated to biotin and a modifier to facilitate translocation across the plasma membrane (Aim II). By changing the incubation time 
and extracellular concentration of the nanodot labels we will systematically explore potential artifacts caused by unbound or non- 
specifically bound labels. The subcellular localization of the avidin construct will be visualized by immunofluorescence techniques 
using calreticulin as the ER marker. Once the avidin localization has been confirmed, we will determine whether the biotin-linked 
dendrimer nanodots efficiently penetrate and properly localize within avidin-containing subcellular compartments. Alternatively, the 
conjugation of biotinylated dendrimer with avidin-KDEL can be formed in vitro using purified avidin-KDEL and the complex 
subsequently transported across the membrane with the Pro Ject system, enabling the dynamics of in vivo trafficking to be monitored. 

Gated dynamics of progesterone receptor proteins. Because subcellular localization is an area of active research not only in the 
field of nuclear receptors, 254 but also in investigating diseases such as leukemia 255 and cancer, 256 we will further evaluate the utility of 
the nanodot-conjugates to follow single molecule trafficking of the progesterone receptor (PR) in live mammalian cells. The avidin- 
and hAGT-PR fusion proteins will be transiently expressed in HeLa cells by transfecting with the corresponding plasmids. Avidin- 
linker-PR is comprised of avidin linked to the progesterone receptor t 
interference between the two functional domains. Avidin binds biotin 
with very high affinity, 253 thereby providing an extremely slow off-rate 
kinetics of the nanodots attached to the fusion-protein. The progesterone 
receptor, in the absence of progesterone, is approximately evenly 
distributed between the cytosol and the nucleus. Addition of progesterone 
induces a conformational change which promotes trafficking of the receptor 
and translocation to the nucleus (Fig. 16), resulting in a distribution heavily 
in favor of the nucleus. This system has been extensively studied in live 
cells using PR-GFP fusion proteins. 237 While allowing determination of the 
localization of the progesterone receptor, the GFP label can not provide 
information on the redistribution kinetics on a single molecule level. 
However, the nanodot conjugate single-molecule labels overcomes this 
deficiency, thereby enabling dynamics of progesterone-dependent 
trafficking of the nuclear receptor to be directly imaged, in vivo. 
Furthermore, this progesterone-dependent system will allow us to quantify 
the amount of unbound label that remains in the cytosol, and thus optimize 
delivery conditions to achieve the highest possible signal to noise ratio. 
Additionally, adjusting the nanodot and progesterone concentrations outside 
the cell will enable intracellular single molecule concentrations to be readily observed. The 'steady state' distribution of progesterone 
receptor will be independently determined through immunofluorescence experiments, and correlate with the data obtained with 
dendrimer nanodots (see below). In addition, the demonstration of progesterone triggered trafficking will confirm proper folding of all 
structural domains within the fusion proteins, an important prerequisite for in vivo label delivery and target conjugation. Using the same 
strategy, we will also explore the attachment of the nanodot conjugate via covalent linkage to the corresponding hAGT fusion protein 
as outlined in Specific Aim II and with the much smaller consensus peptide recognizing the Trojan peptide-nanodot conjugate.. 

Optical characterization of protein dynamics inside living systems on the single molecule level Due to the very high background 
present in live cell imaging, we will utilize a variety of methods to isolate the bright emission from our noble metal nanodots. Already 
~100x brighter than either CdSe or organic fluorophores and more robust, identifying optical signatures from individual nanodots on 
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Figure 16. In the absence of progesterone, the avidin- 
linker-PR fusion protein is evenly distributed 
between the cytosol and the nucleus. When 
progesterone is added to the media, it binds the PR 
which dissociates from heat shock proteins in the 
cytosol, and moves to the nucleus. If the growth 
medium is replaced by growth medium without 
progesterone, the original distribution of the fusion 
protein between the cytosol and nucleus is restored. 
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top of a bright background will be challenging. Due to our close interaction with the Center for Advanced Research in Optical 
Microscopy at Georgia Tech, we will purchase a gated, intensified CCD camera (cost sharing from Georgia Tech) to collect only the 
emission within the first -100 ps of our Ti:sapphire laser pulse. Combined with reduction our laser repetition rate to ~4MHz, gating 
will enable high efficiency collection only of the fast components of the nanodot fluorescence and Raman emission and effectively 
filter out all longer lasting autofluorescence. Images obtained in this manner will improve the s/n ratio by at least an additional factor of 
50. Using a narrow band emission filter that only passes the Raman emission from the incorporated vibrational labels will further 
decrease the background. Together using the time and frequency selective methods enabled by imaging our strongly emitting nanodots, 
we should be able to directly view dynamics of individual proteins in living eukaryotic cells within the time frame of this proposal. 

Intracellular diffusion measurements. While the gated flow of intracellularly labeled protein into the nucleus will confirm that 
proteins were labeled within the cytosol, the powerful control system of the progesterone receptor enables us to compare diffusion 
constants of individual proteins within living cells. In addition to time-gated imaging, we will use a photon-by-photon approach with 
our tcspc board to perform autocorrelations of emitted photons. 192 - 193 As we collect the raw data, we can combine the pulsed excitation 
and well-known point spread function of our excitation source to determine diffusion constants intracellularly. As the diffusion constant 
for our emissive nanodot and the nanodot conjugated to the protein of interest will be very different, these intracellular fluorescence 
correlation spectroscopy (FCS) measurements will provide independent confirmation of nanodot conjugation to the progesterone 
receptor. While all photophysical properties will be characterized on the single molecule level when conjugated to the progesterone 
receptor. These measured intracellular diffusion constants will also be compared to those for the identical in vitro system. 

Potential difficulties and alternative approaches. The progesterone receptor has been overexpressed in both bacteria and insect 
cells, 258 whereas bacterial, 245 ' 246 , insect, and mammalian 244 expression systems have been developed for avidin. Consequently, we 
expect to obtain sufficient recombinant protein material for in vitro characterization. In addition, several studies have demonstrated that 
avidin chimeras can be labeled in vivo with membrane permeable biotinylated fluorescent dyes 253 2i9 . Similar in vivo experiments will 
be conducted as a parallel comparison between our dendrimer nanodots and organic fluorescent dyes. Given the chemical complexity 
of the intracellular environment, it is critical to carefully study and identify potential artifacts due to non-specific interactions of the 
probe with proteins, the lipid bilayer of vesicles or organelles, and other cellular structures or biomolecules. Among the multitude of 
possibilities lysosomes and acidic vesicles have been found to be the primary target for translocation and ultimately accumulation of 
drugs and non-natural molecules. Colocalization with acidic vesicles or lysosomes can be readily tested using the commercially 
available lysotracker probe or DAMP in combination with a fluorescein-labeled anti-dintrophenyl rabbit antibody. The gated transport 
of labeled progesterone receptors into the nucleus, however, will provide an unambiguous demonstration of the in vivo single molecule 
labeling and detection strategies detailed in this proposal. 

Qualifications and synergies among assembled team. This project is inherently multidisciplinary. The assembled team consists 
of experts in single molecule microscopy, optical instrumentation, image analysis, and nanodot creation and photophysics (Dickson), 
dendrimer and organic synthesis (Week), conjugation chemistry via Click chemistry (Week, Bunz, Fahrni), membrane uptake, 
intracellular metal sensing, and live eukaryotic cell imaging (Fahrni), in vitro protein kinetics, bacterial expression, protein 
biochemistry, and library screening (Tzeng), and nuclear targeting, nuclear hormone receptor biochemistry, cell biology, and 
controlling nuclear transport and protein expression in eukaryotes with small molecule ligands (Doyle). While each investigator has 
his/her area of expertise, each Co-PI is very broadly trained, leading to very productive scientific overlap and fostering great creativity 
and insight into experimental methods and future directions. Combined with Dickson's preliminary results on dendrimer encapsulation 
and spectroscopy of single metal nanoclusters, the assembled group will collectively optimize the dendrimer chemical structure to 
create modular ultrabright nanodots with unparalleled Raman and fluorescence activity that readily cross cell membranes and 
specifically label the protein of interest in the cytoplasm. These materials will then be gated into the nucleus by small molecules to 
assess the efficiency of transport and binding. Through a combined chemical, optical, and biochemical approach, we will develop the 
necessary tools for in vivo labeling and high sensitivity tracking of individual proteins within living cells, even in the presence of high 
autofluorescent backgrounds characteristic of cellular media. 

All investigators are in the Atlanta area, thereby facilitating greater interaction. Drs. Tzeng and Dickson are already jointly active 
in studying the optical properties of individual nanodots and demonstrating their in vitro labeling potential by very different means. In 
contrast, the proposed research focuses on dendrimer chemistry for Raman and fluorescence from Ag and Au nanoclusters and the 
dendrimer's modularity in conjugation chemistry. The additional focus on in vivo binding, cellular imaging and developing the 
necessary optical methods to create and characterize both sub-nm Raman and fluorescence based single molecule probes of 
unprecedented brightness and photostability offers tools that both improve upon and complement all other methods. Drs. Fahrni and 
Dickson continue their interaction on studying PAMAM uptake in different cell lines to assess the efficiency of nanodot labeling. It is 
an exciting and natural extension for Drs. Week, Bunz, and Fahrni to combine their synthetic expertise to create new dendritic materials 
with novel Raman tags in background free spectral windows as well as attaching modular conjugation elements for highly specific 
membrane transport and protein labeling/recognition units. The specific targeting enabled with Dr. Doyle's expertise in nuclear 
signaling and hormone receptors completes the package necessary to label proteins within any region of the cell. This level of chemical 
and biochemical control and feedback/interactions among investigators is ideal for developing already existing, but improvable, 
nanodots that provide lOOx increased sensitivity over current methods into unprecedented in vivo single molecule labels. 

Each Aim requires the participation of multiple members, but all work will be conducted in parallel. Dr. Week has already begun 
synthesizing dendrimers with Raman tags incorporated inside. While these internal changes and the mono, bis, and tri-functionalized 
dendrimers are being synthesized, Dr. Dickson will continue with optical characterization and solution preparation of Ag and Au 
nanodots on the single molecule and bulk levels. As PAMAM dendrimers are known to cross cell membranes, Dr. Fahrni will 
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investigate cellular uptake as a function of commercially available non-functionalized PAMAM generations. This will be readily 
visualized with the bright fluorescence from noble metal nanodots under Hg-lamp excitation through a standard fluorescence 
microscope. Concurrently, Drs. Doyle and Tzeng will overexpress, purify and characterize the progesterone receptor and its fusion with 
avidin. Dr. Bunz has already synthesized biotin attached to acetylene - perfect for dendrimer attachment through 'click' chemistry. As 
various agents are attached to the modular nanodot, Dr. Dickson will continue with optical characterizations such that the in vivo 
experiments are well-understood. Communication, transfer of materials, and in vitro characterization (optical, chemical and 
biochemical) will all be performed in parallel throughout the scope of the project. Materials will be transferred at monthly meetings, if 
not before. However, all investigators have already begun on different aspects of the project and will continue working and discussing 
progress toward our collective goal of tracking intracellular single molecule dynamics. These efforts will continue well beyond the 4- 
year scope of this proposal. 

Coordination of efforts. We have obtained a cost sharing commitment ($30,000/year) from Georgia Tech's Administration for 
secretarial support of the proposed Exploratory Center. This will be tied into the Center for Advanced Research in Optical Microscopy 
(CAROM), of which Dr. Dickson is a Director. With seed funding from Georgia Tech's Administration, one primary goal of CAROM 
is to develop and make available new fluorescent probes with novel labeling and optical properties. Upon funding of this Exploratory 
Center application, CAROM will purchase a psec-gated intensified CCD camera (PicoStar HR, LaVision, Inc.) to directly image the 
nanodot Raman emission and fast fluorescence, devoid of the autofluorescent background - an extra $70,000 of cost snaring from 
Georgia Tech to benefit both centers. The tools demonstrated through this proposed work will be complemented by the resources of 
CAROM to demonstrate their utility in live cell imaging. All team members will have direct access to the developed tools and can 
reserve the Center's microscopes for live cell imaging. It is our plan to leverage these in vivo labeling tools to foster increased 
collaboration and understanding of a wide range of biological systems. CAROM is an excellent outlet for fostering future interactions 
and its goals are fully endorsed by the University. 

As director of CAROM and developer of the first generation of nanodots for single molecule microscopy, Dr. Dickson will serve 
as the project director of this Exploratory Center. We have already scheduled joint monthly meetings to be on the first Wednesday 
evening of each month. These meetings will be specifically to address issues involved in the students' and postdocs' progress in all 
aspects of the project. Additionally, three of the graduate students and one postdoc on this project will be jointly supervised (Students 
supervised by: Weck/Fahrni, Fahmi/Doyle, and Dickson/Tzeng; Postdoc jointly supervised by Tzeng/Doyle) and will participate in 
independent monthly joint group meetings between the respective groups. The synergy among the investigators will lead to extremely 
productive discussions and problem solving through these meetings. Currently the School of Chemistry and Biochemistry has 
committed funds to CAROM for a seminar series in optical microscopy. As the establishment of this Exploratory Center is in line with 
future goals of CAROM, four of these monthly seminars will be devoted to bring in researchers involved in in vivo and in vitro imaging 
of single protein dynamics. This commitment from Chemistry and Biochemistry will facilitate further advances in our own chemistry, 
biochemistry, and imaging, as well as educate our students and advertise their work and the Exploratory Center itself. The 
administrative support promised upon the funding of this proposal will be utilized to advertise the center and encourage use of 
developed materials, once demonstrated for in vivo use. The assistant will also coordinate reports, meetings, seminars, purchasing, 
accounting, and exploratory collaborations. Throughout the project, as materials become available, all requests for modular materials 
and/or 'clickable' linkers will be processed through the center's administrative assistant. 

Sequence of investigation: Although the implications of the proposed chromophore development and in vivo labeling and 
characterization extends well beyond the four years requested to complete the studies in this application, the proposed studies will 
create the proposed modular, specific, targeted single molecule biolabels with unprecedented brightness and potentially chemical 
specificity. 



Timetable Year 

12 3 

Specific Aim I - Create modular single molecule fluorescence and Rman probes 

A. Dendrimer design and synthesis x x x 

Correlation among nanocluster size and x x x 

Raman vs. fluorescence excitation spectra 
Specific Aim II - Build and assay biological specificity 

A. Target-specific functionalization of dendrimer nanodots x x x 

B. Bis-functionalized dendrimer nanodots for in vivo protein labeling x x 
Specific Aim III - Intracellular single molecule labeling, specificities and protein dynamics. 

A. Identify specific tag binding genetically encoded peptide sequence x x 
through random peptide display libraries 

B. Test and optimize the suitability of dendrimer nanodots for single molecule x x 
in vivo imaging of protein dynamics 



Gender and Minority Issues: N/A 
Human Subjects: N/A 

Biosafety: None of the proposed compounds or proteins are known to have any toxicity. No pathogens will be used in these studies. 
Vertebrate Animals: N/A 
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WHAT IS CLAIMED: 



1 . An apparatus as described herein and as shown in the Figures, including each and 
every limitation and embodiment; and 

2. A method of operation as described herein and as shown in the Figures, 
including each and every limitation and embodiment. 



